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ABSTRACT 


Control studies involving chemical reaction systems have 
generally been of a theoretical nature. Even the theoretical work 
has tended to involve control of thar eit reaction schemes and 
published experimental studies of reaction control have usuaily 
been conducted on even simpler reactions. The objective of this 
thesis project was to design and construct a reactor system which 
could be used to study a chemical reaction scheme of moderate 
complexity from a control viewpoint. 

The reactions chosen involve the simuitaneous vapour phase 
dehydration of ethanol] to form water and diethyl ether and the 
esterification of ethanol and acetic acid to form water and ethyl 
acetate. These reactions are catalyzed by an ion exchanga resin. 

The experimental system includes gas chromatographic 
composition analysis of the five components in the reacticn network 
described above. The reactor system is based on a recycle reactor 
with a differential catalyst bed. The system can be run as a batch 
type reactor or as a differential recycle reactor. The temperature 
of the catalyst bed, which is the major variable influencing 
reaction rate, can be controlled very precisely. The catalyst bed 
temperature can be accurately manipulated as a function of time and 
this feature of accurate temperature programming should prove useful 
in future control studies. 


Rate data for these two reactions were measured using the 


Digitized by the Internet Archive 
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University of Alberta Library 


https://archive.org/details/Schech197 7 


differential recycle mode of operation. These data were taken at 
temperatures between 110°c and 135°C and over a wide range of 
compositions. The data were used to develop kinetic models based 
on Langmuir-Hinshelwood mecnanisms. It was also confirmed 
that contact with acetic acid deactivated the resin catalyst and 
this phenomenon was studied and taken into account in the analysis 
of the esterification reaction rates. Expressions for the rates of 
the two reactions were obtained. 

The experimental equipment proved to be useful for the 
kinetic studies. Experimental reactor control studies can also be 


cayried out using the equipment constructed during this investigation. 
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CHAPTER ONE 
INTRODUCTION 


The overall purpose of this project was to construct an 
experimental system for the study of various reactor control schemes 
involving chemical reactions of moderate complexity. In addition 
it was hoped that experimental kinetic studies could be carried out 
to obtain kinetic reaction models and tnat preliminary control 
Studies could be conducted to prepare for future control projects 
involving the same equipment. 

Previous studies of experimental reactor control have 
generally involved very simple reaction schemes (e.g. first order, 
irreversible, liquid phase). It was desirable to find a chemical 
reaction system which was nontrivial (i.e. somewhat closer to 
industrial reactions than a first order homogeneous irreversible 
reaction) but for which some kinetic studies had been carried out. 
In addition the reaction system had to be one where the conversion 
and rate could be manipulated (i.e. the reaction system had to be 
"controllable"). This latter criterion was the basis for choosing 
heterogeneous catalytic reactions and for the decision to construct 
a differential bed reactor with a recycle loop. The compact nature 
of the catalyst bed allowed one to control the bed temperature 
(and hence the reaction temperature) which is a major variable 


influencing the rates of chemical reactions. 
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The reaction scheme chosen involved the dehydration of 
ethancl to form water and diethyl ether (equation 1.1) and the 
esterification of acetic acid and ethanol to form water and ethyl 
acetate (equation 1.2). In the vapour phase these reactions 
proceed at appreciable rates in the presence of an ion exchange 
resin catalyst at temperatures between 90°C and 140°C. This 
reaction system was chosen because a large amount of good kinetic 
and thermodynamic data was available for the dehydration reaction 
(8, 5, 7, 15, 21) and some work had been done for the esterification 


reaction (3). 
2 CoH_OH(g) = HQ0(g) + (C,H,),0(g) (1.1) 
CH.OH(g) + CH,COOH(g) = CH,COOC,H.(g) + HA0(g) (712) 


At higher temperatures the following dehydration reactions 


become more significant. 


CoH_OH(g) = H0(g) + CoH, (a) (183) 


(CoHg).0(g) = 2CyH,(9) + H,0(9) (1.4) 


The increased rates of the preceeding reactions (1.3 and 1.4) at 
higher temperatures and the fact that the ion exchange resin 
catalysts decompose at temperatures above 150°C accounted for 

the 140°C upper limit on the temperature range employed. The lower 
limit of 90°C was dictated by the fact that the reactants had to 


remain in the vapour phase. 
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The equipment was designed so that various control 
Strategies involving reactions 1.1 and 1.2 could be studied 
experimentally. It was necessary to have an accurate model of 
the reaction system as a prerequisite for control studies. 
Examples of control studies which could be undertaken are those 
involving optimal temperature path schemes to maximize conversion 
for a batch system in a given amount of time (14) and selectivity 
studies involving two reaction paths. 

In the case of reaction 1.1 a good rate model (21) was 
available and this was modified slightly to account for the 
different type of ion exchange resin catalyst used in this study. 
Some work (3) had been done for the esterification reaction but 
it was necessary to determine a reasonable model for this reaction. 
Contact with acetic acid vapours also deactivated the catalyst and 
this phenomenon had to be investigated and defined qualitatively. 

The thesis research included an investigation of kinetic 
models for the reaction system described above. The reactor 
system constructed for this project was used to measure experimental 
rates. The equipment was designed for isothermal temperature 
control (or "programmed" temperature control) of the differential 
catalyst bed through which reactants were cycled and was intended 


for future control and optimization investigations. 
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CHAPTER TWO 


MEASUREMENT OF EXPERIMENTAL RATES 
AND THEORETICAL REACTION MODELS 


2.1 Measurement of Reaction Rates 

In order to test proposed rate functions it is necessary 
to experimentally measure reaction rates. The most suitable 
reactors for measuring reaction rates are continuous stirred tank 
reactors (CSTR) or differential reactors because rates are obtained 
directly. If batch or tubular reactors are used, differentiation 
of experimental data is required to obtain reaction rates. For 
heterogeneously catalysed reactions, CSTR behavior is obtained 
either by using a Carberry type reactor or a recycle reactor. In 
this work a recycle reactor was employed. 

The design equation for a CSTR reactor (or a recycle 


reactor) for stoichoimetric simple reactions subject to steady 


state mass balance conditions is 


r = sit = rin“ (2e4) 
i i 
where 
Fa ain = feed rate of reactant i 
Xe = fractional conversion | (2.2) 
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G = mass of catalyst in reactor 


normalized reaction rate 


age 4 
i} 


r. = rate of reaction of compound 1 


stoichiometric coefficient 


< 
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(<0 for reactants, >0 for products) 


The fractional conversion can also be expressed in terms of a 


product by using the following substitution: 


- \ ) = i =_ 
CF out Fagin’! %p aig Fae (233) 


where Fa is the molar flow rate of the product compound. Measurement 
of the fractional conversion allows direct calculation of the rate 
of reaction. 

In order to use these experimentally determined values of 
the reaction rate function it is necessary to establish that the 
measured reaction rates are intrinsic rates, i.e. not influenced > 
by heat and mass transfer effects. The effects of heat and mass 
transfer for the system used in the present work are discussed in 


Appendix A. 


2.2 Rate Functions for the Denydration Reaction 

The kinetics of heterogeneous catalytic reaction 1.1 have 
been extensively studied over a ten year period by Kabel and 
coworkers. Kabel (8) investigated the adsorption phenomenon, 


kinetics and equilibrium constant at 120°C (and other temperatures). 
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The equilibrium values of reactions 1.1 and 1.2 as a function of 
temperature were studied by Hawes and Kabel (5). Mullarkey (15) 
studied the kinetics of reaction 1.1 at 90°C and Stula (21) explored 
the kinetics at 140°C. The result of all the aforementioned studies 
was that the steady state rate of the dehydration of ethanol over 
Dowex 50-X8 ion exchange resin was described according to the 
Langmuir-Hinshelwood dual site model (surface reaction is the rate 
controlling step) in the form of the following equation. 

RalieolBs ton gee) 

r= The (2.4) 
(1+ KPa # KyPyl? 


In equation 2.4 Ky and Ky are the adsorption constants for 
ethanol and water, Pas Py and Pe are the partial pressures of 
ethanol, water and ether. K and kK, are the equilibrium and 
specific rate constants respectively. The experiments of Kabel 
and coworkers were performed under conditions such that there were 
no internal or external mass transfer limitations (i.e. equation 
2.4 is an intrinsic rate function). The work was carried out using 
a fixed bed reactor. 

The temperature dependence of the equilibrium constant was 


described by Hawes and Kabel (5) as 


In K, = 1842/T - 1.446 (2.5) 


! 


The temperature (T[=]K) relationships of k., K, and kK, were presented 


by Stula (21) as 
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Rene CORK i0!° er eo. Sanat (moles/(min g cat.)) (2.6) 

Ky = 1.9552 x 1077 @39-42/RGT (pan) (2.7) 
= 5 = 

K, = 1.0595 x 10 pies eRee LSU tell (2.8) 


Thus knowing the temperature and the partial pressures of the three 
components involved in the dehydration reaction, it is nossibie to 
predict a reaction rate according to equation 2.4. The units of 
the activation and adsorption energies are kJ/mole (Ry = 8.31 x 
107° kd/mole K). 

Apecetche and Cunningham (1) have also studied the ethanol 
dehydyation reaction over an ion exchange resin. The resin used in 
their experiments was not the same as that used by Kabel but the 
Study 1s comparable in any case. The Langmuir-Hinshelwood mechanism 
which these workers cnose to describe their results was the reaction 
between two ethanol molecules adsorbed on one active center. This 
can be expressed according to equation 2.9. 

Rh ce 8 1b4) 
sA’CA WE 


————— 


r= Ky (2.9) 
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In the work of Apecetche and Cunningham (1) there was an 
ether adsorption term in the denominator of equation 2.9 but this 
term was small (relative to the other terms in the denominator) 
and was ignored for the purposes of evaluating equation 2.9 as a 


potential kinetic model for the dehydration reaction. At 100°C the 
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following values for the fitted parameters in equation 2.9, were 


reported in reference (1). The specific rate constant is k. eA 


X 107° 


-] 


moles/(min g cat.), K,* = 3.6 x 107" kPa™* and Ky = 0.106 
kPa The approximate temperature dependence of kK. as used in 


equation 2.9 can be described according to equation 2.10. 


k. = 5.392 x 10!@ e120-9/RT (motes /(min g cat.)) 
(2-10) 


The temperature correlations for K,* and Ky were not reported. The 
reported activation energy was 120.5 kJ/mole as opposed to 
103.3 kJ/mole from equation 2.6. Apecetche and Cunningham (1) 
only made reference to the early work of Kabel (8) and did not 
compare their results witn the later work of Kabel's group 
0 oe et eed 

Lapidus and Peterson (12) analyzed the results of Kabel (8) 
and proposed the pseudo-homogeneous medel presented in equation 2.1]. 
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Although these authors apparently did not consider all the data 
available (see Kabel (9)), it would be of Hat dest to evaluate 

the predictive abilities of this pseudo-homogeneous rate expression. 
The yalue of the constant ee was reported to be approximately 


(18440-0215). x ‘twee moless (cas min g cat.) at a temperature of 
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2.3 Rate Functions for the Esterification Reaction 

Dewan (3) proposed an esterification reaction model which 
involved the adsorption of water, ethanol and ethyl acetate. 
Acetic acid monomer (it was assumed that the acid monomer and 
dimer were in equilibrium) was postulated to adsorb on the sites 
which had water adsorbed on them. The contribution of the water 
partial pressure was adjusted empirically. The model was written 


as follows. 


S 
Kook Ka kPa CPuPa > PePiy) 
Von 


2 
(1 + KaP a + KPa + K Pe) 


(212) 


In the expression presented in equation 2.12 Kay and Ke are 
the adsorption constants for the acetic acid monomer-water complex 
and the ethyl acetate respectively. Pi, and Pe are the partial 
pressures of the acetic acid monomer and ethyl acetate. The 
cons tant Koo is the specific rate constant and the constant s is 
an arbitrary constant. The equation is applicable to 
rates corrected for fresh catalyst. The esterification equilibrium 
constant Ko is a function of temperature according to either 
equation 2.13a or 2.13b depending upon which dimerization constants 


are employed (see Hawes and Kabel (5)). 


1094 K> = 649/T + 0.042 (2.13a) 


1094 9kp = 724/T ~ 0.127 | (2.13b) 
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‘The model represented by 2.12 did not fit the experimental 
rate data of Dewan very accurately. This may have been due to 
problems in accounting for catalyst deactivation (3) or an incorrect 
rate function and, therefore, the applicability of the medel 
described by equation 2.12 is in doubt. 

Yeramian et al. (22) investigated the esterification 
reaction involving isopropanol and acetic acid over an jon exchange 
resin. No catalyst deactivation problems were reported. The 
surface reaction controlling Langmuir-Hinshelwood model proposed 


in the work was expressed as follows. 


gee eens) 8 1B (2.14) 
CT Pakhr MybePe * KyPg + Kuby 


The subscripts I, J and B refer to isopropanol, isopropylacetate 
and acetic acid respectively. The reaction studied was similar to 
reaction 1.2 and the proposed model is analagous to equation 2.12, 
with the exception of the water terms in the numerator of 2.12. 
A standard Langmuir-Hinshelwood model similar to equation 2.14 may 
be a reasonable description of the experimental esterification data. 
The adsorption work of Kabel (8) showed that the adsorption 
of acetic acid or ethyl acetate on ion exchange resins is very 
limited in the absence of water. Thus one can speculate that the 
adsorption of acetic acid is dependent upon the presence of water 
or ethanol on catalytic sites. The additional complexity of having 
acetic acid exist in two states for the purposes of the kinetic 


model may not be justified by the accuracy of the experimental data, 
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Therefore it is postulated that only the "presence" of acetic acid 
(in any state) is important and that this is reasonably represented 
by assuming that acetic acid acts as an ideal gas like all the 
other components involved. The following models are based on the 
assumption that the surface reaction is the rate controlling step. 
One way of adjusting the rate expression to account for the 
water/ethanol dependence would be to multiply the rate equation by 
the fraction of catalytic sites occupied by water and ethanol. The 
fractional coverage of sites by ethanol and water, Z, can be 
expressed as follows (assuming that only water and ethanol are 


adsorbed directly on catalytic sites). 


re Ene (2.15) 


he KaP a - K Pid 


The standard Langmuir-Hinsnelwood model is presented as 


equation 2.16 and the modified expression is given as equation 2.17. 


a kK okykp (PaPa - PoPy/Ko) (2.16) 
Delis waver Sac same ae ORE} 
(1 + KyPq + KPa + KP, + Ky) 
ry = ___*sakake(PaPa - PcP/ Ko) (2.17) 


2 
(1 + KyPq + KpPp + KPO + KP) 


The above models involve only 3 constants which cannot be determined 
from dehydration studies (Kp » Ke and ko) and may proyide a 
relatiyely simple way to account for the lack of adsorption of 
acetic acid and ethylacetate in the absence of water or ethanol. 


The constants Kp and Ke could be regarded as pseudo-adsorption 
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constants. 

The following kinetic expressions are derived in Appendix 
B. The only compounds adsorbed directly on the catalyst sites are 
presumed to be water and ethanol. Acetic acid and ethyl acetate 
only adsorb on catalytic sites already covered with water or ethanol. 
The first mechanism proposed involves acetic acid forming an 
adsorbed complex on a site with ethanol adsorbed on it. This complex 
then reacts to form the reaction products. The model can be 


described as follows. 


= Kgka(PaPa ~ PoPiy/Ko) (2.18) 
(T+ KPa + KyPy) 
The second modei involves acetic acid forming a complex on a site 
with a water molecule adsorbed. This acid-water complex then 
undergoes a reaction with ethanol adsorbed on an adjacent sita to 


form the reaction products. 


2 Keka (KyPy) Para - PcPy/Kod (2.19) 


2 
(1 + KaPa + K Pi) 


The models represented by 2.18 and 2.19 can be combined to 


form a composite model. 


CHAPTER THREE 
EXPERIMENTAL EQUIPMENT 


3.1 Introduction 

A schematic diagram of the experimental equipment is 
presented in Figure 3.1. In addition a schematic diagram of the 
temperature measurement and control equipment is given in Figure 
3.2. Also presented is a photograph of the major equipment 
components as they were set up for the various runs (see Figure 
3.3). The main parts of the equipment were the feed system, the 
circulation system, the gas chromatograph, the loop exit section 
and the reactor. The circulation pump and most of the system tubing 
and other equipment were contained in a heated, insulated oven to 


maintain the reactants in the vapour phase. The system components 


are described below. 


3.2 Feed System 

The feed mixtures were pumped into the reactor loop using 
two Sage Syringe Pumps {model 355, serial #16028 and model 352, 
serial #18955). Normally only one feed pump was used and the feed 
was contained in one syringe (dehydration runs) or two syringes on 
one pump (esterification runs) but for some of the esterification 
runs both feed pumps were used. The liquid feed mixtures were 
contained in a Hamilton gas tight syringe (50 ml size #1050). The 


approximate ranges of liquid injection rates which could be obtained 
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FIGURE 3.3: PHOTOGRAPH OF EXPERIMENTAL 
EQUIPMENT 
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were 0.003 to 50 ml/min (model 355) and 0.003 to 1.0 ml/min (model 
352). The syringe pump and the syringe were calibrated as a unit 
(see Experimental Procedures). 

A needle equipped with a Lur Lock was silver soldered into 
a short piece of 1/16 inch outside diameter (0.D.) 316 stainless 
Steel (SS) tubing. The tubing with the Lur Lock was connected to 
the syringe. This tubing was connected to another piece of 1/16 
inch 0.D. tubing which led into the oven. The 3 foot section of 
feed tubing inside the oven was wrapped with copper wire to enhance 
heat transfer to the feed and vaporize the feed liquid as quickly 
as possible. A small block (1/2 inch x 1 inch x 2 inches) of 
aluminum was cut in half and grooved so that it could be clamped 
around the feed tubing just inside the oven. This was wrapped 
with fibreglass tape and with Nichrome resistance wire (connected - 
across a Variac) and the whole block was loosely covered with 
insulation. If required, this "block" heater was used to provide 
supplementary heat for the feed stream. 

A thermocouple was attached to the feed tubing inside the 
oven and this section was wrapped with insulation. Thus the outside 
wall temperature of the feed vaporization coil was monitored. The 
feed tubing joined the feed tee via a Nupro SS-2JB valve. In the 
feed tee (illustrated in Figure 3.4) the reactants were directed to 
the bottom of a modified 1/4 inch Swaglok tee. Any unvaporized 
liquids entrained in the feed contacted the hot wall of the feed tee, 
thus reducing the possibility of entrained liquids being circulated 


in the loop. A supplementary pre-feed line heater was available to 
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FIGURE 3.4: SCHEMATIC DIAGRAM OF 
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System Oven (T=130°C) 
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heat the circulating vapours upstream of the feed inlet but it was 
not necessary to use this heater with the above feed configuration, 

The system could be purged with nitrogen gas by connecting a 
pressure regulated nitrogen bottle to the inlet in place of the feed 
Syringe pump. The Pabitig was purged before shutdown so that when 
the reactor system cooled there were no condensable (at room 


temperature) vapours in the system. 


3.3 Circulation System 

The oven, which contained most of the circulation loop, was 
constructed of sheet metal on an angle iron frame with outside 
dimensions of approximately 56 cm long by 51 cm wide by 53 cm in 
height. This was insulated on the inside with aluminum backed 
fibreglass duct type insulation (foil side in) approximately 2.5 cm 
thick (a product of Fibreglass Canada Ltd.}. Attached to the a 
removable oven lid was a 500 watt rod type resistance heater which 
was formed and positioned such that a squirrel cage type fan 
circulated air across it. The fan was driven by a small electric 
motor mounted on top of the lid, i.e. outside the oven, and attached 
to the fan by a shaft which extended through the lid and insulation. 
The oven temperature was regulated at any desired value up to about 
180°C by setting the voltage to the oven heater via a Variac. The 
time required to heat the oven from a cold start to operating 
temperature of 130°C was approximately 1.5 hours. 

The majority of the tubing for the flow loop was 1/4 inch 
0.D. 316 SS for the section of the loop inside the oven. Starting 


around the loop from the feed tee, the flow was directed through a 
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Sintered stainless steel 7 micron filter (Nupro SS-4FR-7) located at 
the inlet of the circulating pump, a Metal Bellows Co. 118-HT bellows 
pump. | The outside wall temperature of the pump was measured with a 
thermocouple (T.C. #2) taped to its back wall. The pump was driven 
by a | horsepower direct current motor equipped with a variable 
speed controlter. The pump drive shaft extended through the oven 
wall and was connected to the motor shaft with a flexible coupling. 
From the exit side of the pump the loop continued on to a Fisher & 
Porter Co, rotameter (serial #7503B2015) equipped with a stainless 
steel float (tube No. FP-1/4-20-G-5/84). The rotameter was fixed at 
the front of the oven so that it could be viewed through a Pyrex 
window mounted in the oven wall. 

rom the rotameter the circulating vapours flowed to the gas 
sample bypass section. At this point a slip stream of the circulating 
vapours was sent to the gas sample valve where a sample could be 
taken. This slip stream was returned to the main flow loop. The 
lines to and from the sample valve were separated in the main loop 
by ad Short. section of 1/8 inch 0.D, tubing. In this restriction a 
small plug with a 0.050 inch I.D. hole was fitted. A small pressure 
drop was thus establisned in this section of the circulation loop 


and a gas flow rate of 60-100 ml/min (at S.T.P.) of the slip stream 


——_ + 


loriginally a carbon vane centrifugal pump was used but 
carbon dust was given off and coated the walls of the system tubing. 
This catalysed the reaction and adsorbed large quantities of re- 
actants. The carbon vane pump is not suitable for applications of 
this type where hydrocarbons are present. 
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was maintained through the gas sample valve. Further details 
concerning the sample loop are given in the gas chromatograph 
analysis section. Another restrictive plug was installed just 
upstream of the filter. These two plugs helped damp out pressure 
fluctuations caused by the rapidly cycling ee displacement 
circulation pump. 

After the sample loop section of tubing the loop led to a 
bulkhead union which in turn directed the flow out through the oven 
wall to the reactor section (this part of the equipment will be 
discussed in a subsequent section). After entering the oven 
downstream of the reactor, the flow was directed into a tee where a 
portion of the gas stream could leave the loop (depending on mode 
of operation) through a Nupro SS-4H2 Bellows valye. The majority 
of the stream flowed up through the pre-feed line heater (available 
to preheat the system vapours before injection of the feed stream) 


and back to the feed tee. 


3.4 Sample Analysis Equipment 


The sample loop was connected to a neated 18719A gas sample 
valve on a Hewlett-Packard 5710A gas chromatograph (G.C.). Tubing 
(1/16 inch 0.D. 316 SS) connecting the sample valve to the flow 
loop was insulated and heated with Nichrome resistance wire (voltage 
regulated through Variac #5) to prevent condensation of sample in 
the section between the oven and the G.C. sample valve. The 
attenuated output of the G.C. detector was connected to one pen of a 
Hewlett-Packard 7100B strip chart recorder. The unattenuated signal 


was amplified (see Appendix C for details regarding the reason for 
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amplification) by a Hewlett-Packard 2470A amplifier and the 
amplified signal was monitored using the G.C. Package (16) on the 
I.B.M. 1800 computer. A more complete description of the G.C. anal- 


ysis system is presented in Appendix C, 


3.0 LOOD EXit Section 


The product stream left the circulatory loop through a Nupro 
bellows valve. A pressure gauge mounted in this section gave an 
indication of the system pressure in the loop. A Moore pressure 
regulator and a second exit port with a manual Nupro SS-4JB valve 
at its exit were also connected downstream of the bellows valve (see 
Figure 3.1). By sending a reference pressure to the pressure reg- 
ulator the pressure in the system could be maintained at this 
desired pressure so long as the gas flow rate seral the regulator 
was not ait e (j.e, >500 ml/min). System pressure could also 
be measured by connecting a manometer to the auxiliary exit port 


(allowing for more accurate pressure measurements). 


3.6 Reactor Section 

The reactor tube, preneater and postheater sections were al] 
made of 316 SS. The reactor section outside the oven had a preheat 
section (200 watts at 120v) to bring the gases flowing through the 
catalyst bed to the setpoint temperature. The voltage was 
manipulated using a current to voltage converter whose input signal 
(4 to 20 mA range) was set by the direct digital control (DDC) 
program (2) on the I.B.M. 1800 computer. Iron constantan thermo- 


couples were situated in the reactor just above and below the 
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catalyst bed. These thermocouples were calibrated against a platinum 
resistance thermometer (see Appendix D) and could measure the temper- 
ature to within +0.1°C. The thermocouples were sheathed in stainless 
steel and connected to the reactor through Conax thermocouple plugs 
(cat. No. MHC-062-A4). The catalyst charges rested on a stainless 
Steel screen and inside a sleeve of Teflon (see Figure a75)) Cooling 
air flowed through a spiral channel machined into the central section 
of the external wall of the reactor tube. An aluminum "jacket" was 
fitted over this portion of the reactor tube and Nicnrome resistance 
wire wrapped around the outside of the jacket was used to heat the 
reactor section. The resistance wire was "cemented" permanently 
with zirconium cement and this was covered with a 1 cm layer of 
fibreglass insulation. 

Air from the 550kPa (gauge) building supply system could 
fiow downward along the reactor tube through the external channel 
to provide cooling. This air flow was regulated via a control 
valve or a solenoid valve. The temperature in the catalyst bed was 
regulated by adjusting the air flow tnrough the cooling jacket or 
by adjusting the voltage to the reactor preheater. The thermo- 
couple output (referenced to an ice bath) was amplified 300 times 
(Hewlett-Packard 2470A amplifier) and connected to the I.B.M. 1800 
computer. 

The section of tubing connecting the reactor exit to the 


oven was heated and insulated to prevent condensation of some of 


the circulating fluids. 
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3.7 Reagents and Catalyst 


The catalyst used was obtained through representatives of 
the Dow Canada Ltd. offices in Calgary. Dowex Ion Exchange Resin 
HGR-W (H’ form) lot no. MM 0865-W1, B-10 was used. The size was 
20-50 mesh and the exchange capacity was 4.8 milliequivalents of 
cation exchange capacity per gram of dry resin. Other details are 
as described in a publication of the Dow Chemical Company (20), 

The ethyl alcohol was obtained from the Chemistry Stores at 
the University of Alberta. Chromatographic analysis of each batch 
indicated that the only significant impurity was water. Reagent 
grade acetic acid and ethyl acetate were purchased from the Fisher 
Scientific Company. Double distilled laboratory water was used and 
gas chromatographic analysis did not indicate the presence of any 
impurities. The ethyi ether was labeled as analytical reagent and 
supplied by Mallinckrodt Canada Ltd. Ali the constituent components 
of the feed mixtures were analysed for composition. The finai 
composition of feed mixtures was arrived at by correcting for the 
foreign components found. The only significant impurities in each 
of the five liquids described above were internal (i.e. only one or 
more of the components: water, ethanol, ether, ethy! acetate or 
acetic acid). 

The Porapak gas chromatograph column packing materials were 
made by Waters Associates. Porapak Q-S, R, S and T (all 80-100 


mesh) were used in the preparation of G.C. columns during this work. 
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3.8 General Equipment Information 


3.8.1 System Volume 


The volume of the circulation locp was determined to be 
126 cm® £72 cm, This was an “average” figure arrived at with the 
circulation pump in operation. A vessel of known volume at a 
higher pressure was attached to the system (which was at atmospheric 
pressure). The valve between the system and the known volume was 
opened and by measuring the pressure of the combined volume it was 
possible to calculate the volume of the reactor system. 
3.8.2 Mode of Operation and Recirculation Rate 

The equipment could be run as a batch reactor or as a 
continuous differential recycle reactor. In either case the re- 
circulation rate was approximately 10 1/min (vapour at any 
temperature and pressure). 
Secenue LeMpe nature Control 

The temperature of the catalyst bed was accurately controlled 
and hence the temperature at which the reaction was taking place 
could be easily manipulated. Using the electrical preheater and air 
cooling it was possible to heat the catalyst section at a rate of 
about 20°C/min ae to cool this section at a rate of about 14°C/min, 
The temperature control capability was such that the temperature 
was within (and stayed within) 0.2°C of a new setpoint 7 min after 
8.2026 setpoint change (90°C - 150°C range of operation) and at a 


constant setpoint the controlled temperature yaried less than +0.1°C. 
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CHAPTER FOUR 


EXPERIMENTAL PROCEDURES 


4.1 Catalyst Preparation 


A portion of the ion exchange resin was set aside in air 
for at least 5 days on a stainless steel mesh. The reason for this 
procedure was to reduce problems in pouring moist catalyst and to 
prevent any mass changes during the weighing of catalyst charges. 
The catalyst was loosely covered with a sheet of paper to prevent 
contamination by dust. Thus the moisture content of the resin 
attained equilibrium with the air and no weight losses were 
encountered when weighing individual catalyst charges. Catalyst 
charges were then prepared with raw weights that ranged between 0.1 
and 0.7 g. The moisture content of the batch (at the time 
individual charges were prepared) was determined via the procedure 
described below. 

A larger portion of the catalyst was weighed into a glass 
vial for bone dry weight determination. A glass wool plug was 
inserted into the neck of the vial and it was placed in a vacuum 
oven (=0.3kPa} at about 120°C for two or three days. After removal 
from the oven the glass wool plug was taken out and the moisture 
content of the catalyst batch couid be determined from the weight 
loss. It should be noted that if the vacuum dried resin was returned 


to the oven for another day, the additional weight change was 
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negligible. No weight change was observed during the time required 
to weigh the bone dry samples. All weights were determined to the 

nearest 0.0001 g on a Mettler Hl0w balance. Details concerning the 
individual catalyst charges prepared during the course of this work 


are presented in Appendix E. 


4.2 Syringe Pump Calibration 


Calibration curves were determined for all pump and syringe 
combinations. Distilled water was used as the calibration fluid. 
The calibration points for the two syringes fell on the same lines 
(i.e. the syringes were so similar that they were interchangeable). 

Each calibration point was determined as follows. A 10 
millilitre flask with a ground giass stopper was weighed empty. 
Water was injected into the flask by a syringe pump equipped with 
a needle. From the elapsed time and the weight of water injected 
a volumetric flow rate (given the density of H0) was calculated. 
Since the flow rates invoived were quite low and some very low 
flow rate calibrations required up to 3 hours, precautions 
had to be taken to ensure that evaporation of water from 
the receiving flask did not prejudice the calibration curve. 

The injection needle was bent and inserted through a small cork 
stopper which had another needie through it to act as a vent. Thus 
when the timing was started the flask was lifted so that the cork 
blocked the neck of the receiving flask. In addition, for the 
model 355 calibration the receiving flask (which was inside a 250 
ml beaker) was cooled by surrounding it with air which had been 


sent through tubing coiled in an ice bath. The temperature inside 
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the beaker was thus maintained at about 14°C and the relative 
numidity inside the stoppered calibration flask was increased, 
ensuring a low evaporation rate. Detailed calibration data are 
presented in Appendix F. The very linear nature of the calibration 
curves suggests that evaporation of water sare calibration points 
was minimal. The calibration curves were within 2 per cent (at 
higher flow rates) of the approximate values suggested by the 
manufacturer. (The suggested values are nominal values for a given 


size of syringe.) 


4.3 Thermocouple Calibrations and Temperature Measurement 


The iron-constantin thermocouple which was the basis for 
temperature measurement and control of the reactor catalyst bed 
was calibrated against a platinum resistance thermometer over the 
range of 100 to 140°c. Other aoe regarding the calibration 
points are presented in Appendix D. During system operation 
compressed air was bubbled slowly through the ice bath used and 
the resulting agitation helped maintain the reference temperature 
constant. During steady-state, temperature-controlled operation, 
the reactor temperature varied less than +0.1°C. 

The thermocouple output was amplified 300 times to reduce 
error caused by digitization of the signal in the I.B.M, 1800 
computer. This amplification factor was very steady. Spot checks 
showed that the temperature calculated using the amplified signal 
and the temperature calculated from the signal before amplification 
(measured by a Leeds and Northrup millivolt potentiometer Cat. No. 


8686) differed by less than the temperature variation during 
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Steady state temperature controlled operation. 

Another consideration in the accuracy of the temperature 
measurement was the effect of the gas temperature gradient in the 
reactor tube on the temperature measurement (i.e. differences 
between thermocouple and gas temperature due to conduction along 
the thermocouple). Theoretical analysis (see Appendix D) of heat 
conduction and convection along the thermocouple indicated that the 
temperature measured by the thermocouple was no more than O2cc 
different than the actual gas temperature. This was a very 
conservative estimate and the actual maximum temperature difference 
was probably less than Oe 1cG: | 

ie eae bed itself could have an actual length up to 
about 4 cm (for dehydration kinetic runs) and it was possible that 
a temperature gradient could exist along the catalyst bed. During 
kinetic runs any potential gradients were minimized by adjusting 
the reactor section heating and cooling so that the measured 
temperatures above and below the catalyst bed were matched. 
Measurements of the temperature along the reactor tube (above and 
below the Teflon sleeve) under simulated kinetic run conditions 
indicated (see Appendix D) that the section of reactor tube inside 
the Teflon sleeve was essentially isothermal. 

There were four other thermocouples in the system. These 
were used to measure the wall temperature of the feed line, the pump 
temperature, the temperature just below the catalyst section of the 
reactor and the temperature of the post heater section between the 


reactor and the oven. These readings could all be displayed on the 
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strip chart recorder (through a 4 way switch). Thus the Variacs 
regulating the heating for these various sections of the system 


could be adjusted to get the desired temperatures. 


4.4 Preparation of Feed Mixtures 

In the preparation of liquid mixtures the components were 
always added to the sample bottle in approximate order of increasing 
volatility (order of addition water, acetic acid, ethanol, ethyl 
acetate, ether). The ethanol used for making up the mixtures was 
kept in a refrigerator at BOSC prior to its addition and the 
diethylether was stored in the freezer section of the refrigerator 
at about -20°C. This was done to reduce weight changes due to 
evaporation during the blending and weighing of liquid mixtures and 
also to minimize the effect of the homogeneous liquid phase 
esterification reaction (equation 1.2) when ethanol and acid were 
both present in the feed, 

The required weight fraction of a mixture was calculated 
from the mole fraction of that mixture. This, together with the 
liquid density of the components involved and the total expected 
sample weight (normally 50 to 100 grams), was used to calculate the 
required volume of each constituent which would yield the desired 
mixture. The compositions of mixtures were such that they were 
outside the ranges of immiscible compositions (immiscible 
compositions can exist for ethanol, ether, water mixtures or for 
ethanol, ethyl acetate, water mixtures). 

The calculated volumes of the constituent liquids were then 


added to the sample bottle and the weight difference before and after 
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the addition of each component gave the weight of that component in 
the mixture. Liquid components were added with 10 ml and 50 ml 
pipettes which were cleaned with wash ethanol and thoroughly dried 
before use for each different component. Weights were determined 
to the nearest 0.0001 g. 

After all the required components were added and capped 
sample bottles were stored in the refrigerator prior to use. The 
feed syringe (barrel only) was chilled in the refrigerator for 10 
to 15 minutes before the chilled liquid mixtures were added. The 
feed syringe was equipped with a section of 1/16 inch (0.D.) tubing 
and this was blocked off with a rubber plug to Stop the fiow of 
liquid out the nozzle during the course of filling the syringe. 

The liquid sample bottle was vigorously shaken before the cap was 
removed and liquid mixture was poured into the chilled syringe 
barrel. The plunger was then inserted into the syringe, the 
Syringe was inverted and the air pocket was forced out through the 
feed tubing (in a fume cabinet). The syringe was carried to the 
equipment and the feed mixtures were ready to be injected. 

For the G.C. calibration feed mixtures the exact feed rate 
did not have to be known, therefore it was not necessary to allow 
the liquid in the feed syringe to reach room temperature (the 
density of the feed [used to calculate feed rate] was known at this 
temperature but the esterification reaction rate was also increased). 
In the case of dehydration runs there was no danger of a homogeneous 
reaction and the syringe was kept at room temperature for a 


sufficient amount of time to allow the feed liquid to reach room 
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temperature before the final steady state data were taken. For the 
esterification reaction the equipment was modified to allow the 

use of two syringes and the ethanol and acetic acid could be 
segregated. 

The density of the feed liquids was bs isiped experimentally 
by using a pycnometer. Determination of the weight of liquid which 
would fill the known volume vessel allowed one to calculate the 
liquid density. For some feed mixtures (water-ethanol) density- 
composition tables were available. The experimental density was 
always within 0.002 g/cm? of tabulated density. Therefore this 


was an accurate means of measuring liquid density. 


4.5 Operation and Calibration of the Gas Chromatograph 
4.5.1 Gas Chromatograph Operation 


A Hewlett-Packard 5710A gas chromatograph was used to carry 
out the analysis. The following chromatograph column and operating 
conditions were used to separate water, ethanol, diethyl ether, 
ethyl acetate and acetic acid. 


Columns: The two columns (A & B) were identical composite columns 
4 feet long and made up of three sections. A 1/2 foot section 
of Porapak S was connected to a 3 foot section of Porapak R 
and the last section contained 1/2 foot of Porapak Q-S. The 
column tubing was 1/8 inch diameter 316 stainless steel seamless 
tubing (thinwall; 0.020 inch wall thickness). Connections 
between column segments were with standard Swagelok unions. 


Colurn Temperature: The analysis was carried out with the columns 
at 185°C (i.e. isothermal G.C. oven temperature). 


Carrier and Reference Gas Supply Pressure: Helium was used as the 


Carrier gas. The upstream supply pressure was regulated at 
60 psig. 


Carrier and Reference Gas Flow Rate: The flow rate through each of 
the columns was regulated at about 45 ml/min at ambient 
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conditions (25°cy 93.5 kPa). This was equivalent to a flow 
rate of about 38 ml/min at S.T.P. 


Detector: The detector temperature was controlled at 250°C and the 
bridge current sensitivity setting was 4 (=150 milliamperes). 


Gas Sample Valve: A two loop Hewlett-Packard 18 719A gas sample 
valve was used to inject vapour samples. 


Gas Sample Valve Temperature: The controller for the heated gas 
Sample valve was set for 200°C. 


Gas Sample Volume: Loops of sample volume 0.25 ml were used. 


Liquid Injection Port Temperature: For liquid sample injections 
the injection port temperature was controlled at 150°C, 


Liguid Sample Size: Liquid samples ranged in volume from 1.0 to 1.5 
microlitres. 


Additional details of the analysis, including a typical 
chromatogram, are given in Appendix C. 

The gas sample valve was operated at 10°C intervals when 
heating the valve from 150°c to 200°C to insure that the Teflon 
parts did not seize up. The gas sample volume used for the ex- 
periments was 1/4 ml. Sample loops with volumes of 1/2 ml and 
1/8 ml were also tried but the larger sample size resulted in 
increased fusion of component peaks while the smaller volume did 
not result in sufficient response for accurate analysis for low 
concentration components. 

The carrier gas flow rate was measured with a bubble meter. 
Spot checks indicated that the carrier gas flow rate through the 
columns remained constant over long periods of time given a 
constant regulated supply pressure. At the inlet of the gas 
chromatograph the gas passed through a drying tube containing 


molecular sieve 5A which reduced the moisture content of the helium. 
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The molecular sieve material had to be regenerated periodically 
(heated overnight at 300°C every 6 - 8 months) to insure that 
prolonged contact with excessive water (in the helium) did not 
degenerate the chromatograph columns. 


The short term (i.e. overnight) shutdown of the G.C. system 


involved a reduction of the helium supply pressure to about 20 psig. 


The detector controller remained at 250°C with the sensitivity 
(brige current) off and all other temperature controllers turned 
off. Normally during start up of the G.C. in preparation for a 
run the oven was operated at 200°C while the detector output 
stabilized (about 2 hours). / 
4.5.2 Calibration with Gas Samples 

Getting consistent, reproducible gas samples for analysis 
proved to be more difficult than at first imagined. Initially the 
samples were fed (via the syringe pump) into some connecting tubing 
in the heated oven and then directly into the sample valve. This 
resulted in widely fluctuating detected peak areas for repeated 
injections. Apparently the different components in the samples 
were not being vaporized in a steady manner. The feed was being 
vaporized in slugs and a particular injection might involve a 
sample rich in the Tower boiling point components while another 
injection might be rich in the higher boiling point components. 

This problem was solved by feeding the liquid mixtures into 
the circulation loop in the hot oven while the circulation pump was 
running. The vaporized sample was thus circulated in a smaller 


volume loop (the sample section was connected directly to the feed 
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tee with the loop exit just before the feed tee) with no catalyst 
present. This procedure resulted in reproducible peak areas. 

The response factors for the components were defined 
relative to the ethanol (ETOH) response factor of 1.56 (4,18) 


according to equation 4.1. 
RF. = 1.56 (A; /Aeroy)/ (x; / Xero) (4.1) 


(A;/Aetou) being the peak area ratio and (x,/x ) the mass ratio. 


ETOH 
Response factors for the other compounds were calculated from 
analysis of mixtures of known composition. It was necessary to use 
different response factors for the two sample valve loops to 
give consistent results but for each loop only one set of response 
factors was used. Just as tne liquid phase response factors are 
different from those obtained with vapour phase samples, there 
is no reason to presume that the response factors for two different 
gas sample loops should be identical. In fact the peak shapes for 
identical samples analyzed with the two different loops are 
different. The differences could be caused by the restricted 
nature of the small (=1/32 inch internal diameter) sample loop 
tubing resulting in slightly different sample sizes and sample 
injection pulses which are unique to eacn loop. The response 
factors for all components are given in Table 4.1. Plots of the 
response factors versus the mass ratios are presented in Appendix C. 
The ethanol and ether peaks tended to be fused to some 
extent (more so for gas samples) and the area calculation procedure 


used produced a change in the ether response factor when the area 
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TABLE 4.1 


RESPONSE FACTORS 


aie } p p : 
Component sine Gan ae 2 aataiy 
Water 1.83 ray PWS asian vt) 1.82 
Ethanol 156 1.56 pianists M00 
Ether 1.47 t.3/ 1.41 1.49 
Ethyl acetate 1.29 1.29 1.30 leZ7, 
Acetic Acid dee 1.24 1.20 - 


'See Section C.3, Appendix C 


ratio of ether/etnanol was less than about 0.2. The peak area 
calculation procedure used for all other components resulted in a 
_ calculated ether area that was too high for samples of lower ether 
composition. The area calculation option in the G.C. program 
which was used for the ether peak drew a base line between a point 
in. the region between the ethanol and ether peaks and the end of 
the ether peak (16). 

The ether response factor for loops | and 2 was adjusted 
according to equations C.1 and C.2 (Appendix C) for smaller area 


fractions of ether/ethanol. 


Given these response factors one could calculate compositions 


according to equation 4.2. 


(A./RF.) 
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The composition calculated from the analysis of known feed 
mixtures for a number of samples is presented in Appendix ¢. 
Calculated compositions were consistent with the known compositions. 
4.5.3 Calibration with Liquid Samples 

Liquid phase samples were injected into column B. A number 
of component mixtures were used to determine response factors for 
liquid samples. Response factors were calculated according to 
equation 4.1 and these were close to the literature values (4,18) 
(see Table 4.1). Analysis of liquid samples was carried out to 
calculate the fraction of impurities in the components which were 


blended (see section 3.7) to get the feed mixtures. 


4.6 Insertion and Removal of Catalyst Charges 
Prior to the filling of the reactor with catalyst, a 40 


mesh stainless steel screen was positioned so that it rested on 
the ledge along the reactor tube (see Figure 3.4). Another 
stainless steel screen (=100 mesh size) was set in place above 
the 40 mesh screen. Two lengths of Teflon sleeve were then 
positioned on the screens. The lower one was 3 cm long and the 
upper one was 2 cm in length. These sleeves were made so that 
their internal diameter was equal to the I.D. of the reactor tube 
below the ledge and their outside diameter was such that they 
fit tightly into the upper section of the reactor tube. Two 
metal rods which had diameters close to that of the reactor tube 
above and below the ledge respectively were used to position and 
remove the screens and sleeves. 


The catalyst was then poured into the reactor. This 
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operation was carried out by inserting a glass funnel with a long 
stem into the reactor tube. The catalyst charge was then poured 
from a vial into the funnel. A problem was encountered at this 
point because the catalyst beads tend to adhere to the glass walls 
of the funnel tube. To overcome this situation it was necessary 
to heat the reactor section and preheater to a moderate renner a tire 
(50°C ~ 70°C): The upper section of the funnel, which extended 
beyond the preheater section, was heated using a portable fan 
heater. The adhesion between the glass and the catalyst beads was 
reduced at higher temperatures so that the catalyst spheres flowed 
into the reactor tube. While the above procedure was useful for 
getting the catalyst into the reactor, it may have been responsible 
for some catalyst deactivation (in the case of some batches of 
catalyst) because of overheating of the catalyst during the 
insertion into the reactor. An improved procedure for filling 
the reactor with catalyst was employed in loading charge #6 of 
Batch 2. For this charge a long-stem funnel was fashioned out of 
paper and it was not necessary to heat the reactor tube since the 
catalyst did not stick to the paper. 

The catalyst removal procedure involved using a metal rod 
to raise the entire catalyst section ] or 2 cm. A small (1/16 inch 
diameter) rod was then inserted from above and pushed through the 
catalyst particles to tilt the screen discs below the sleeve 
section. Most of the particles flowed out and were caught in a 
beaker (used charges were kept and put in labelled vials) at the 


bottom of the reactor tube. The screens and sleeves were then 
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pushed out of the top of the apparatus and the clear reactor tube 
could be cleaned thoroughiy in preparation for the next charge of 


catalyst. 


4.7 Operation of Equipment 
4.7.1 Equipment Startup 

In preparation for starting the circulation pump and the 
injection of feed the following operations were performed on the 
System components listed below. 


G.C. System: This equipment was set to its normal operating state 
as described in section 4.5.1]. In addition it was necessary to 
turn the G.C. signal amplifier on and to make sure that the 
G.C. analysis program on the IBM 1800 was operational. When 
the G.C. output had stabilized the baseline was set. The 
detector output at a G.C. attenuation of 1 was adjusted with 
the zero adjustment until it corresponded with the output at 
an attenuation of ~. 


Strip Chart Recorder: The recorder was turned on at a low chart 
speed (v2 inches per hour) with the upper (red) pen set at a 
span of 0.10 mV. This pen was used to record the output from 
thermocouples 1 through 4. The span on the lower (black) pen 
was set at ImV and this recorder channel was connected to the 
attenuated output of the G.C. detector. 


Reactor System Oven: The squirrel cage fan on the lid of the oven 
was started and a full 120 V was sent to the oven heater via 
Variac #2. The oven temperature was monitored during startup 
and when the output signal from thermocouple (T.C.) #2 reached 
7mV (=131°C) the Variac was adjusted to its "normal" run 
setting of =80%. 


Ice Baths: The two vacuum flasks were filled with ice and water so 
that the liquid water level was near the top of the bottles. 
One bath served as a reference temperature for the thermocouples 
connected to the strip chart recorder. The other bath was the 


reference for the thermocouple measuring the reactor temperature. 


The cold junction of this thermocouple was strapped to an air 
tube and the assembly was immersed in the ice-filled vacuum 
flask so that the mixture was agitated by the bubbling of air. 


Temperature Control Loops: The reactor thermocouple amplifier was 
turned on and the two D.D.C. loops ( 2) (these loops perform the 
function of conventional controllers) controlling temperature 
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were made “operable manual" so that the reactor temperature 
could be measured and printed out when requested. Loop OE92 
controlled the reactor preheater while loop 0£94 controlled 
the flow of cooling air through the reactor cooling jacket. 


Interheater between the Oven and the G.C. Sample Valve: The 
Nichrome resistance wire which was wound around the insulated 
section of sample tubing which carried a slipstream (of 
reactor vapours) to and from the G.C. sample valve was supplied 
with a voltage of about 14V via Variac #5. This insured that 
there was no condensation of reactants in this section of 
tubing. 


Reactor Postheater: The reactor postheater was composed of Nichrome 
resistance wire wound around a Jong copper tube (covered with 
insulating tape) which was in turn wound around the section of 
tubing leading from the reactor back to the oven. The voltage 
across this section was about 70V (via Variac #4) during 
Startup. As the temperature of this section (as monitored by 
T.C. #4) reached about 130°C the voltage was reduced to it's 
"normal" run setting of =57V. 


Feed Block Heater: The voltage sent to the feed heater was regulated 
via Variac #1. This was set at 6% to 10% depending on the feed 
flow rate. It was not necessary to use this block heater until 
just before the feed was started. 


As the temperature of various system components approached 
their “run" values (this normally took 1 to 1.5 hours), the cooling 
air was set to its "normal" value (30% output on 0£94). The 
reactor heater was set to about 50% (via Variac #3) and the voltage 
to the preheater was set to a medium value (on manual). When the 
reactor temperature approached 80°C the circulation pump (speed 
setting 8) and the feed pump (note: exit bel lows valve and feed 
valve open), at some moderate setting (e.g. 100% setting at 1/1000 
range), were started. The feed during startup was usually pure 
ethanol or some ethanol-water, ethanol-ether mixture. This was to 
prevent any condensation problems which might have been caused by 
the presence of higher boiling point components. As the reactor 


temperature rose towards the desired setpoint value the preheater 
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controller (loop 0£92) was set to the automatic control mode. The 
system was thus set for the start of any desired run. Additional 
details regarding experimental procedures are presented in Appendix 
G. 
4.7.2 Procedures During a Run 

During experimental kinetic rate runs the following 
procedures described below were carried out. 


Recording DDC Loops: During control studies the DDC Icops should 


be checked and recorded at the beginning of each series of runs. 


A listing of the control loops is presented in Appendix G. 
For this work the DDC package was used for simple temperature 
control only and the state of the loops was not recorded for 
each run. 


Changing and Controlling Reactor Temperature: For temperature 
controlled operation the reactor setpoint temperature could be 
changed by adjusting loop QE92 through the teletype keyboard. 
For any desired reactor temperature, the temperature just 
below the catalyst bed (measured via T.C. #3) was adjusted 
(by manipulating Variac #3) so that the temperature above and 
below the catalyst bed were matched. 


Changing and Setting Feed Rate: The feed syringes were connected 
to the system with Swagelok unions located just outside the 
oven. When only one syringe was used the second feed port 
was blocked off. The desired feed rates were set manually to 
the required values on the syringe pumps. Because the feed 
rates were sometimes quite low the feed valve was only opened 
about 1/4 turn. In this way the feed pumps were always working 
against a positive pressure and there was no opportunity for 
the fluctuating pressure in the circulation loop to affect 
the feed rate (this was possible with more volatile feed 
compositions). The exit section bellows valve was also choked 
back to about 1/4 turn open to help stabilize exit pressure. 


Taking Gas Samples: The procedure for taking and analysing a 
vapour sample involved the following steps. The chart speed 
on the recorder was increased to 1, 1/2 or 1/5 inches per 
minute. The IBM 1800 interrupt button connecting the 
unattenuated, amplified G.C. signal to the computer was pressed 
and when the interrupt light came on the sample valve was 
switched. The appropriate attenuation was set for each peak 
(on the G.C. panel) and injection number was recorded on the 
Strip chart output and on the teletype output when the sample 
report was printed. At least 6 to 8 samples were taken once 
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the experimental product analysis for each run had stabilized. 
Runs were carried out over at least a one hour time interval 
but some low flow rate dehydration runs took 4, 5 or more hours 
to reach steady state. 


Reading Atmospheric Pressure: During each run (normally towards 
the end of the run) the barometric pressure was measured using 
a Cenco barometer (cat #76878) located in Room 404 of the 
Chemical-Mineral Engineering Building at the U of A. This 
room was across the hall from the area in which the experiments 
were being carried out. Atmospheric pressure varied between 
92 and 95 kPa. 

The output signals from the four thermocouples were checked 
by using the 4 way switch. The temperature normally recorded was 
the indicated temperature from thermocouple #3 just below the 
catalyst bed. The other three temperatures did not vary to any 
great extent with all the equipment operating at steady state and 
they were only recorded once or twice during each run. 

4.7.3 Shutdown of the Equipment 


The shutdown procedures at the end of an experimenta] run 


are described below. 


Feed System: If the feed contained any acetic acid, the circulation 


Toop was flushed by feeding ethanol or an ethanol mixture (not 
containing any acid) for 5 or 19 minutes at a relatively high 
feed rate (e.g. 100% setting at 1/100 range). The feed was 
shut off and the nitrogen was connected to the feed port. The 
nitrogen was used subsequently to flush the system (see 
nitrogen purge). 


G.C. System: The G.C. signal amplifier was turned off and all 
other parameters were set as described at the end of section 
aS Pe Be 


Temperature Controllers: The DDC loops for temperature control 
were placed into the operable manual mode. After the shutdown 


procedure was completed they were placed in the non-operable 
mode and the reactor thermocouple signal amplifier was turned 


off. 


System Heaters: The voltage to all heaters (including the 
preheater) was set to zero. Tne oven and other insulated 
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portions of the system cooled slowly (=2 hrs. to reach 30°¢) 
therefore there was no danger of any condensation during the rest 
of the shutdown procedure. 


Nitrogen Purge: As the temperature of the reactor approached 80°C 
the feed valve was opened wide and nitrogen gas (at a regulated 
pressure of =2 psig) was fed into the circulation tubing for 
4 or 5 minutes. This prevented any condensation during the 
remainder of the cooling phase. 


Circulation Pump: After the nitrogen purge the circulation pump 
was turned off and the oven fan was also stopped. 


Catalyst Bed Cooling: The air flow througn the reactor cooling 
jacket was increased to its maximum value for =5 min. and 
the catalyst bed temperature quickly dropped towards room 
temperature. The cooling air flow was then stopped. 


Thermocouple Cold Junctions: The two cold junctions were removed 
from the ice baths. The iron-constantin thermocouples tended 
to corrode very quickly when left in water for extended periods 
of time. 


Strip Chart Recorder: The pens were lifted from the recorder paper 
and the recorder was turned off. 


After a spot check to insure that motors, pumps, heaters, 
amplifiers, G.C. detector current and recorder were all off the 


equipment was in a safe shutdown state. 
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CHAPTER FIVE 
RESULTS FOR THE DEHYDRATION REACTION 


5.1 Introduction 

The dehydration reaction runs were carried out at three 
temperatures (110, 120 and 130°C) over a period of about 4 months. 
The reactor pressure during experimental runs was atmospheric, 
which varied between 92 kPa and 95 kPa. Five different feed 
mixtures were used during the dehydration runs. Experimental runs 
performed without any catalyst in the reactor showed that no 
dehydration of ethanol occurred in the absence of catalyst (the 
temperature and feed rate were similar to those used during actual 
runs). Repeat runs made after 20 to 40 hours of operation with 
the same catalyst charge reproduced the original runs very well. 
Contacting the catalyst with water, ethanol and ether vapours did 


not result in any catalyst deactivation. 


5.2 Consistency of Dehydration Data 


The dehydration runs used to determine the kinetic constants 
for the dehydration reaction are summarized in Table 5.1. The 
compositions of the feed mixtures which were used during the 
dehydration runs are presented in Appendix H. Results for each 
run are summarized in Appendix I. Also included in Appendix I are 
runs which were less reliable for a number of reasons. The method 


used to calculate the dehydration rates is included in Appendix I 
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Run 


ITI-] 
ITI-4 
IV-] 
IV-2 
IV-3 
IV-4 
V-] 
VI-] 
VII-] 
VII-2 
VIT-3 
VIT-4 
VIIT-1 
VITT-2 
VIII-3 
IX-] 
X-] 
XI-1 
XIT-] 
XTI-2A 
XIT-3 
XIT-4 
XII-5 
XII-6 
Xli-7 
XII-8 
XIV-] 
XIV-2 
XVIT-2 
XVII-3 


TABLE 5.1 


DEHYDRATION REACTION RUNS 


Feed 
ETOH® 
ETOH 
ETOH 
ETOH 
ETOH 
ETOH 
ETOH 
ETOH 
ETOH 
ETOH 
ETOH 
ETOH 
XXXI 
XXXI 
XXX 
XXXI 
XXXI 
XXXII 
ETOH 
ETOH 
ETOH 
ETOH 
ETOH 
ETOH 
ETOH 
ETOH 
ETOH 
ETOH 
ETOH 
ETOH 


Z 


2 


Feed Rate! 

Cat odes) Mass Conver 
ea %) 
0.825 4.89 
OSSc5 9.69 
2.480 Pach 
1.100 14.1) 
1,653 10.36 
OF323 jo wares fi 
0.826 8.30 
OT67/ 20.12 
0.679 20 17 
0.405 TASTES: 
1.096 14.70 
0.682 20.85 
0.820 14.23 
0.322 27.60 
ToD 9.66 
0.985 4.93 
OM a4 Beas 
0.582 24.93 
F205) 15205 
ec ToS 
2.c18 8.0] 
02554 24.20 
12706 9.92 
dighin ool 13.99 
12253 LUSTRE re: 
TeS7o [Wagoud 5 
0.556 6.6] 
0.287 TIS 54 
1.495 245 
0.889 Tor 


‘Units. are (mole/min g cat.)). 


2 


Feed ETOH contained “0.15 mole 
and feed XXXII was 0.11% water and 21.43% diethyl ether. 
compositions are listed in Table H.1}. 


Sion 


=a OO AH HHH stHyastHs HOC OVCO HHH HSH BOK HH UO O 


Feed 


% water, feed XXXI was 23.05% water 


3The rates for run series XII and XIV were all adjusted to account for 


initial deactivation of the catalyst batch used. 


Sates before adjustment for catalyst deactivation due to exposure 
to acetic acid during E series runs. 
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alorig with a sample calculation. 

One way of presenting the rate data is to plot the dehydration 
rate against the conversion (at one temperature and pressure). The 
data for a fixed feed composition should fall on a smooth curve, As 
the overall space velocity (feed rate/mass of catalyst) approaches ~, 
the rate is equal to the rate for a fluid with a composition 
identical to the feed composition. In the ideal case as the space 
velocity approaches zero, the conversion approaches a value at which 
the composition of the reacting mixture 7s equal to the equilibirum 
composition. 

The dehydration rate data were plotted at three different 
Lemperdtures. and are presented in Figures 5.] to 333. The solid 
lines indicate the calculated curve using the final dehydration 
model as described in equation 2.4 (see Section 5.4). The rate as 
a function of conversion was calculated from the temperature, 
pressure (assumed to be 93.5 kPa) and the composition corresponding 
to various values of the conversion. 

There is little doubt that the large amount of data at 
135°C is more reliable than the limited data at lower temperatures. 
Thus any model which fits the isothermal rate data at the higher 
temperature is probably a reasonable model for the dehydration 
reaction throughout the temperature range of interest. The rate 
at lower temperatures is much lower than the rate at 135°C resulting 
in less accurate data. Hence the fit of the mode! will be poorer 


for the lower temperatures. 
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5.3 Modeling of the Dehydration Rate Data 


The dehydration run conditions were used to generate 
predicted rates according to equation 2.4. The constants in this 
model were calculated according to equations 2.5 to 2.8. These 
constants were taken from the work of Kabel and coworkers (5, 8, 15, 
21) and were developed from data using a resin similar to the one 
used in this work. The activity of the two resins may be different, 
due to differences in acid site concentrations and surface area. 

The experimentally measured rates from this investigation are 
compared to the rates predicted by the model of Kabel, using the 
rate and adsorption constants presented by Stula (21) (given as 
equations 2.6 to 2.8), by plotting the ratio of experimental rates 
to the predicted rates. The experimental and predicted rates are 
tabulated according to temperature and feed composition in Table 
Deda 

The ratio of rates (experimental/predicted) is plotted 
yersus the composition of water (in the reactor product) in Figure 
5.4. If the predicted temperature dependence of kK. is correct 
(equation 2.6) and the values of Kn and K,, are as described by 
equation 2.7 and 2.8, the plot presented in Figure 5.4 should be 
a horizontal line. The linear, non-horizontal lines shown were the 
relationships estimated by eye for the data at each temperature. By 
extrapolating these lines to 0 mole % water, the ratio of rates 
in the aaa of water can be calculated. These water-free ratios 


are approximately 0.74, 0.68 and 0,82 at 135, 120 and GLE 


respectively. 


r 1 ey fi ' i } Fi 
i 4 ‘ x* o i : a 
a i. ,, u a i” io i a Y 
“AFD Baa finest sash Bl ahh i? witniey yitad ort Fo. pe ‘ 


vn + , re ot he ~e> & 
«9 > ct | 1 2 
? a j : ' ter ve te OP Sd elas OS) arias y 
ak FT ae ae 
; i } al : : 
) ‘ oka ® urgen 
" ie . 7 oe ee LETC Yoo 
Og: Cie > es nuos of DAM IGSGE VS) bavate ayo 
j ’ 7 ’ 
Mu =a at) ey ay oe Ve, ae 
+5 ot VA hae Marae e WMS shit yes WE Ka he P wa 
a ae 4 : WRC al 
| \ tsoas ty ott nowt Ae Se er 
H ~ 
‘ ' : rn ‘ 
; ~ ae ‘| oy 
Ser } es ae ab Bia | , 
on z i ou SS aD MONT Bago lshen Suse ae { 
: . * 4 : > . v7 eS he ° , ~ 
¥ wot ~ “ 
re ie 
fie ‘ 
f 
: 
‘ 
} f 
a 7 tT 
¥ 
j 
34 
e R 
a Uy i 
‘ i 
b ‘ 
Ss 
Aik = 
ree 24 
‘ewey 
h ® 
ee - 
~ . £ 
wat Whee i 4 
N) ae x 
: 
ee 
« hs i 
ye ti) f ; { ‘ 
* ‘ae t J ’ a4 
cee ’ 


aoe eG Ve 
NIG7 2° FTO Sonsbhawep. aruda Signe pes 
% 


e ¥ a | } ofa ih ? ua n ins eS 
. ; wa se ie 
m4 a oP . a sik a ny ee Te eet 
“ } 2h. 34 a ‘ B ey if on >, Das 0 “28u { BY any hh fi 
gi ; i > st Soe mn ad 4 a 
} = ‘ ee wpe var ) 
‘og. bluode ):2 syUph3 nt bosnsgeng sake OAd 285 8m 
4 ee: iy he : sd an , a eouet 
vo ‘ il 7 » - % i - 
STA, LHS tae ding ei a * 
Ora ary La 


jose 36 ‘ebe 5b! Ane as hee: x2 ‘yd bags 


‘ee 


TABLES .2 


1 


EXPERIMENTAL AND PREDICTED DEHYDRATION RATES 


Feed Run 
ETOH IV-] 
ETOH IV-2 
ETOH IV-3 
ETOH IV-4 
ETOH Wied 
ETOH ViT=4 
ETOH VII-2 
ETOH VII-3 
ETOH VII-4 
ETOH XII-1 
ETOH XII-2A 
ETOH XII-3 
ETOH XII-4 
ETOH XII-5 
ETOH XII-6 
ETOH METS] 
ETOH XII-8 
ETOH XVII-2 
ETOH XVII-3 
XXXI VIII-1 
XXXI VIII-2 
XXXI VIII-3 
XXXII XI-] 
ETOH V-] 
XXXI IX-] 
ETOH III-2 
ETOH III-4 
ETOH XIV-1 
ETOH MiV=2 
XXXI X-1 


TE rom equations 2.4 to 2.8. 
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Since there is no apparent trend in the extrapolated rate 
ratios, a reasonable approximation is that the data at all 
temperatures extrapolated to the same water-free ratio. The rate 
expression in the absence of water, given by equation 5.1 (see ~ 
equation 2.4, Py = 0), need only be multiplied by a constant to 


properly model the rate data. 


re 
tee SSMS a (5.1) 


i 
(1 + KaP a) 


Another explanation is that kK. and Ky compensate for one 


another in a way that ry = cry where c is a constant with both 


; 
kK. and K, functions of temperature. This latter explanation is 
not very plausible. A better explanation is that Ka is modeled 
accurately by equation 2.7 and that the temperature dependence 
of kK. is described by equation 2.6. 

By using the data at the three different temperatures, 
it was possible to calculate the kinetic parameters Ko oKy and 
Ke The calculations are performed in Appendix J and the results 
are Summarized in Table 5.3. The estimated adsorption constants 
at 135°C are within about 10% of the values calculated from 
equations 2.7 and 2.8. This suggests that the model represented by 
these equations is a reasonable one. 

The data were fit in yarious ways by using a non-linear 


fitting scheme (11, 13). Kinetic parameters for the three different 


dehydration models represented by equations 2.4, 2.9 and 2.11 were 
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TABLE 5.3 
ESTIMATED KINETIC PARAMETERS 


Values Estimated from Data, see Appendix J 
(Predicted from Equations 2.5 to 2.8) 


ESET BLS ye OLE TRY YR RIMSII! REET pa 
T ke x M Ky x 10 Ky x 10 Ky 

(°c) (moles/min g cat.)) — (1/kPa) (1/kPa) 

110 0.754 se25ln 2. 37! : 
(0.844) (4.59) (10.58) (28.83) 

120 115 3.33! 6.13! “ 
(1.93) (3.35) (6.63) (25.51) 

135 4.18 2.46 3.19 it 
(615) (Msi) ts rena) (21.48) 


‘calculated by using the value at 135°C and assuming the 
temperature dependence of equations 2.7 and 2.8 to be correct. 


found and the results of the calculations are summarized in Table 5.4. 


The MRD (mean residual deviation) is the mean % deviation of the es- 
timated and experimental values (i.e. [predicted-experimental ]/exper- 
imental x 100). The TAD (total average deviation is the average of 
the absolute values of the percentage deviations. The non-linear 
fitting program (11) minimizes the sum of the squares (SQS) of the 
difference between the predicted and experimental values. The 

values of the fitting parameters required to minimize the SQS fitting 
index are generally not identical to those which would minimize the 
TAD index. In fitting the dehydration rate data the reaction 
equilibrium constant was not considered to be a parameter for 


fitting but was assigned a value according to equation 2.5, 
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The pseudo-homogeneous model (equation 2.11) was eliminated 
on the basis of the high TAD (5.13%, more than twice as large as 
the deviation of the best models) and the fact that the deviation 
of the ether-ethanol feed run (Run XI-1) was over 30% (an order 
of magnitude higher than the deviation of the same run for the best 
cases). Equation 2.9 provided a reasonable fit but was worse than 
the best fitting cases using equation 2.4. The slightly poorer 
fit of the Apecetche and Cunningham model and the fact the adsorption 
constants Ky* and Ki as presented in the original paper (1) did not 
Show consistent trends with temperature precluded the use of 
equation 2.9 as the best model. The Kabel model (8) represented by 
equation 2.4 modelled the data with the least deviation. In fact 
the fit was equally good when the parameters were fitted in two 
different ways. These cases are presented in Table 5.4 and can be 
described as follows: 


Te RLU NG Only kK. and K and using Ka as described by 
equation 2.7 resulted in a TAD of 1.87%.» 


2. Fitting all three parameters yielded a TAD of 1.88%. 
Thustat 135-6, equation 2.4 was able to represent the rate data 
within 2% on the average. - 

The results at 110°c and 120°¢ were sparse and less reliable 
than the data at 135°C. Since Ky and the modified ke adequately 
represent the data in the absence of water, one reasonable way to 
fit lower temperature data was to adjust k. by multiplying the 
results of equation 2.6 x 0.74, using Ka as described by equation 2.7 


and modifying the water adsorption constant such that the heat of 
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TABLE 5.4 
RESULTS OF FITTING WITH DEHYDRATION MODELS 


Model Constants Estimated Value 
not fitted (Initial Guesses) Fitting 
4 2 2 Indices 
k_xlI0 K, x10 Kp5K,* xt 
Equation S W Aan ; MRD TAD 
# ( ) (1/kPa) (1/kPa,1/kPa (%) [| 
2.4 Ka 4.54 2.54 - -0.05 1.87 
arsty (3789) 
fed Ky Ky 4.76 ” ~ -1.35 3.69 
(4.31) 
2.4 Ky sce - 2.84 -0.07 1.94 
(4.31) (2.46) 
2on - 4,16 29 2.45 -0.03 1.88 
(4731); (3249) (2.46) 
2.4 k.=0.74k. - 2.04 Del -0.05 1.88 
(3.19) (2.46) 
asa ea cish 6 1A eke : -0.80 5.13 
(0.0319) 
av ae 7.90 1.58 9.09x16° -0.17 2.34 
(0.001) (3.19) (0.01) 


i 


MUnits as required. 


5? 


adsorption could change but the adsorption constant remained at 


] 


about 0.0254 kPa at 135.0°C. This was the method by which an 


expression for Kp was obtained, 


5.4 Final Model for the Dehydration Reaction 

The final dehydration model (see equation 2.4) used Kn 
and Ky as given by equations 2.7 and 2.5 and the value of kK. from 
equation 2.6 multiplied by a constant of 0.74. The revised 


expressions for K. and Ky are given below. 


g eA 2h8 oh 


k_ = 7.6072x10%e (moles/(min g cat.)) (5.2) 


gees 20481 (kPa!) 


2.4902x10 (5.3) 


A 


The ability of this final dehydration model to fit the data 
is summarized in Table 5.5 for a number of different cases. The 
rates calculated using the model described above are shown as the 
solid lines on Figures 5.1 to 5.3. It can be seen that this model 


describes the experimental results quite well. 


TABLE 5.5 
SUMMARY OF FITTING FOR DEHYDRATION DATA 


Data Set Data Points Fitting Indices 

MRD TAD 

i (2) (%) 

Data at 135.0°C, Table 5.2 23 +0.16 1.85 


= hei 
Dataratel10.0<C..and 120.0: C. ; 
Table 5.2 7 +2.04 8.96 
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CHAPTER SIX 
ESTERIFICATION RESULTS 


6.1 Introduction 

The rate of reaction for the formation of ethyl acetate and 
water from acetic acid and ethanol was greater than the rate of 
ethanol dehydration. The esterification reaction also proceeds in 
the liquid phase and therefore the acetic acid and ethanol had to 
be fed from separate syringes. Another problem was the adsorption 
and or condensation of acetic acid somewhere in the system (the 
Sintered filter element and the ceramic spacers in the thermocouple 
plugs were considered the most likely places). This resulted in the 
formation of esterification products even when no acetic acid was 
fed into the system but this "adsorption" effect was small when 
compared to the catalysed reaction rate. 

The vapour-phase esterification reaction proceeded to some 
extent in the absence of catalyst. The "homogeneous" reaction 
phenomenon had to be investigated. In addition to the problem of 
homogeneous reaction, the acetic acid also deactivated the catalyst 


and the experimental rates had to be adjusted to account for the 


deactivation. 


6.2 Esterification Rate for the Blank Reactor 
Several runs were performed without any catalyst in the 


reactor and these are presented in Appendix K. The rate of 
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esterification in the absence of catalyst (r5)) can be adequately 


represented by equation 6.1. 


ron? kon PPB (6.1) 


The "nomogeneous” esterification constant (ko) is described by 
equation K.2 (Appendix K). 

This rate is in the order of 1/100 of the catalysed rate 
and considering other experimental errors, no adjustment to the 
experiment rates was made for this "homogeneous" reaction. After 
10 hours of batch operation only about 30% of the original ethanol 
was converted (feed =~ 51% ETOH, 46% HOAC). 


6.3 Catalyst Deactivation 
The activity of the catalyst decreased upon contact with 
acetic acid. The relationship between contact time and the extent 
of deactivation was determined by doing repeat dehydration runs 
during the series of esterification runs. The details of this 
procedure are presented in Appendix L. Any reduction in dehydration 
rate was caused by contact with acetic acid (or ethyl acetate). The 
deactivation ratio (Ry) was defined as the "effective" catalyst mass 
divided by the actual catalyst mass (cf.Appendix L). Thus one had 
a means of determining the "effective" amount of catalyst, knowing 
the original mass of catalyst and the time of exposure to acetic 
acid. 


The equation for the deactivation ratio of acetic acid was 


a linear expression. 


Ra 1-0.002803t (6.2) 
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Here the time of contact t has units of hours. After 100 hours in 
contact with acetic acid a charge would have approximately 70% of 


the activity of fresh catalyst, 


6.4 Consistency of Esterification Rate Data 

All esterification runs are tabulated in Table 6.1. Feed 
compositions are presented in Table H.1 (Appendix H). The runs were 
carried out at 3 different temperatures, 10 Cy 125°C and 135°C, De- 
tails concerning the calculation of rates and the results of each run 
are presented in Appendix M. The rates for runs at each temperature 
were plotted on rate versus conversion plots and, as explained in 
section 5.2, all points for one type abe at the same temperature 
and pressure should fall on the same curve. The conversion was al-~ 
ways taken to be the conversion of ethanol to ester. Figures 6.1 
through 6.5 show the esterification data at the three temperatures. 
The solid curves on these plots represent the rate-conversion re- 
lationship predicted using the final esterification model including 
the correction for catalyst deactivation (equation 6.3 using the 
kinetic constants given in Section 6.6). In general the esterification 
data are more scattered than the dehydration data (cf. Figure 5.1), 
but there are definite trends. All the esterification runs were 


considered for evaluation of the kinetic models. 


6.5 Kinetic Model for the Esterification Reaction 
For the purpose of evaluating kinetic models for the 
esterification reaction (as described in Section 2.3), the data was 


divided into three sets. Set 1 consisted of all data at 135°C 
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while set 2 was composed of al] 120°C runs and set 3 of all the 
remaining runs at 125°C. For these evaluations Ky was calculated 
using equation 2.7 while Ky was calculated using equation 5.7. 

The equilibrium constant Ko was described by equation 2.]3a. For 
fitting purposes the partial pressures were calculated using the 
ideal gas law. The model described by equation 2.12 was reeaetten 


as follows. 


; S : 
ry = <s2kaSwPu (PnP PoPy/Ko) (6.3) 


Z 
(1 + KPa + Ky Pi + KP) 


A code for the parameters used in fitting the rate data to 
the esterification models of Section 2.3 is given in Table 6.2. The 


models of equations 2.18 and 2.19 were combined. 


TABLE 6.2 
ESTERIFICATION FITTING PARAMETERS 


Model Fitting Constants 
#1 #2 #3 
Os Kso BG S 
Lol lah) k.oKp } Kp Ko 
Calesoc. la Ky kK. - 


6.6 Final Model for the Esterification Reaction 

The two best kinetic models from Section 6.5 were evaluated 
for all the data at the 3 temperatures. The results are summarized 
in Table 6.4. The constant Ka was calculated using equation 2.7 and 


Ky was calculated according to equation 5.2. The other kinetic 


, ) hy owt 4 a he ee a 7 i q ” y Le 
- : ip 7 7. 

| ot . tier es i ov 
i . = s M aren ? 

Pra 4 vis | Te i big ak. teh me 
nA ii : ' , q — |, } : ws 
wy ape ta : a By if [ b 4  & rk ‘ P HAS 2ralha od OS} y H (6 ie = NdeoK nar 5 anu $ bike So bits 
ve ; ‘ “ , rf ' rer Ve rat 


MOON chia ca elt Raa ag 
4 : | Lo 4 ¢ ’ ios Re ue ph ate eet nee a iat fen 5 | re) ea! a 


SRO LET GER pi od 


nes 
0 Meg ; tk 
‘ 
AD eB 
« ye BD cil, 4, “oy i ve . 
‘ ’ § oe + ; balk Wh a 
: ; ee eeu ed 
i PS ah a : wt’ ket oer 
F ; €) ; TSW Ay ing ; 
; Pk ad ee ‘s i. ll 
ie s f a hm 
7 i , Bp Ain r P 
ar H ” ¥ «j.¢ pis md 73a 
Ege: Bt has Ae ead Terie: Si 
“\ + oe - 
by ¥ wed be S wip i — 
é a ri sdtiyaesh Tape att 
a A y - ay ee a we = 
; ; > os ‘it ‘= 
ae 
~ 
rat Fs 
1? 2 * . E ee 
, 7 oe vet " Ay 1. , 


bist e ‘a r é i Vf , 5 2 pany 
* ' ¥ - td Gul nee aa 1 
= ¥ \ 
. 4 at » + j J 
- ; ' ai : fa) Pal ao 
‘ % 
' P FF + . 
SE £ FofTh GOSS « STS aaee teat” See ey 
s 2 fs 4 : ~~. 
“ae eA if 
‘ * 4 , re © > simi ¥ j Bs & ¥ ot err 4 ei 
* el nef Oe ARR 3 f i Soon ng 
a ' at ' a oy : 
awn ld = =# * be ele re en ‘by ae Nh ate cs 


dios axow OCS bas BF.S -anohees pd ‘to 2l 


iz ' 


) 1 i. Y ages 2 aul 


a ; P w » ods a) a = 7 : 
r Zz : ee oe 
: . : ¢ ‘ LG a 
74 “ 


—_ 
z 

} 
> 
=| 


ZASTINGRAT DAI iT Ti3 3 join aan’ i j 


nth & as 3 ; 


Sratenod passsta a ies 


my 
a fel 7 . ks dae, ‘ua ’ va 4 aa ih vs ie 
é ee St as: iv 44 SS 
ee ———— ee = aes P 
i 
nt 
- ; if 
7 msi 
- ok ” * en 
r. 3 Se 
{ 1 
Re ele : , iS 
7 * #23 Es i 4 
w) 
rey & 2 . 
P 


ns i ot View eps te Foto duare cee a)” = e , an * ~ o@ 
ot 4 4 f 
Py f 
-" © “ - P 1 
= - é >. - : 
n ' a ) 


. AMIS oBSH oH nord sot Lis Eve Te aii 
De ie ca". Sa ae ns + 
betsufeys Sow t.8 noltes2e eg fsbo peter fees 
ie fy E ' 


ah a Y Le & = 
eva 2 S16 2ilu2esya ~ ;28 soutien $e os 


: 7 es it 
ce ev ee ral , ne Ske 
ie NS mot rau po ibis +: boretis Ney 2 ou ge 7 


£ ; 
in , u 
ee 
iat be oe ae Saat due “i 


69 


TABLE 6.3 
RESULTS OF FITTING WITH ESTERIFICATION MODELS 


Model Fitting Constant Fitting Indices 
Equation Data HA heg 142) a) 8a) ae ESOSeemeTRD I IaTND 
t 10 x10 Saal 
Ors ] 59.67 O.012™ 0.272 53.2, -Ont2) "9439 
2 69.38 0S7, 0.354 SUedr 045 Se23 
2.16 1 3.78 0.013 0:9 104.7 -0.40 11.90 
2 9.2] F012 0.003 19.9 1.90 6.14 
Cale ] 4.69 0.0 0.0 138.0, =4.8) 13.77 
2 10.41 0.0 0.0 23 Ue OO OnUS 
2.18 ] 1.17 - - W6e2%= 3, 47 12.70 
2 2.41 - - ie oe Pal D6 6 08 
Catosc 19 1 0.961 2.16x10, ~ P3245 ee. OUl 12.46 
2 CSc UROL - 2b One oG7 2572 
VUnits as required. 
TABLE 6.4 
SUMMARY OF FITTING FOR ESTERIFICATION DATA 
roe) Data Fitting Indices 
Set SQS MRD TAD 
IOs eee hati) 
6.3 All 88.6 -0.36 8.58 
6.6 All 106,3. 4,17 10:99 
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parameters for model 6.3 were calculated according to the following 


equations. 


26.12/R T 
é 9 


-6 
k.5 = 2.654x10 e moles/(min kPa g cat.) (6.4) 


$2 


ance ihm 


Ko = 2.831x10 kPa’! (6.5) 


The value of s was set at 0.3. 
The combined model (equation 2.18 and 2.19) is given as 


equation 6.6. 


: pasar sty SANT a See eek) 


Y 
2 
C1 + KyPa + KuPy) (1 + KpPa + Keyl 

(6.6) 


The parameters Ky and Ke are calculated using the following equations 


CMCSA I 


emsid 1629%1.0 moles/(min kPa g cat.) (6.7) 


k. = 1.546x10%792:32/Rg! moles/(min kPa g cat.) (6.8) 
The esterification model of equation 6.3 provides a better 
fit of the data than the model of equation 6.6. The model described 
by equation 6.3, using the parameters Koo» Kes and Ki as explained 
above, was used to calculate predicted rate-conversion curves and 
these predictions are shown as the solid curves on Figures 6.1 
through 6.5. Some of the points which were not fit very well (e.g. 
Runs EI-1, EI-2, EII-2 and EII-3) had feeds with a high fraction 


of one reactant. The lower rates for these extreme conditions were 
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The esterification rate based on fresh catalyst is multiplied 
by the deactivation ratio to get the actual rate. Thus the actual 
esterification rate, taking the deactivation effect of contact with 


acetic acid into account, can be predicted. 
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CHAPTER SEVEN 
CONCLUSIONS AND RECOMMENDATIONS 


7.1 Conclusions 

The final experimental system, as designed and constructed 
during the course of work, was useful in obtaining kinetic data for 
the dehydration and esterification reactions. In particular the 
composition analysis via gas chromatograph was accurate and 
reasonably rapid (five component mixtures could be analyzed in 
about five minutes). Since the compositions of all the components 
were actually measured, mass balance checks were possible to give 
an indication of when steady state operation was achieved and one 
could infer the accuracy of the rate data based on these balances, 
Problems encountered concerning the computerized peak analysis 
were solved by amplifying the G.C. detector signal. 

The temperature control and temperature programming ability 
of the experimental system was a unique feature which will be useful 
for the investigation of other control and kinetic objectives, 

The rate model of Kabel (8) was found to be accurate for 
the catalytic dehydration of ethanol. The rate model of Dewan (3) 
for the esterification reaction was also found to be a reasonable 
model. Several alternative kinetic models for the two reactions 
were found to yield poorer agreement with the experimental data. 


Thus the results of this investigation tend to support the conclusions 
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of Kabel and co-workers at Pennsylvania State University regarding 
the kinetics of the dehydration and esterification reactions in 
the vapour phase over an ion exchange resin. 

The two reactions described above were found to be poor 
candidates for future control studies involving the selectivity of 
these reactions. Given the normal range of compositions used 
during this study, the esterification rate was about an order of 
magnitude larger than the dehydration rate. There is a possibility 
that the selectivity could be investigated if the feeds were 
composed of 90 mole % ethanol, but under these conditions 
measurement errors would be increased relative to absolute 


compositions and this would result in more scattered data. 


7.2 Recommendations 

The possibility of using other reactions systems and or 
catalysts should be investigated to determine if selectivity type 
studies could be carried out using the equipment constructed 
during this project. One reaction which could prove to be com- 
patible with the ethanol-acetic acid esterification reaction 
would be the isopropanol-acetic acid reaction discussed in Section 
2.3. There might be problems due to the large number of chemical 
species which would be involved but this system of reactions merits 
investigation. 

Future control studies will require the installation of an 
automatic sampling system. The compositions could then be auto- 


matically sampled and recorded, relieving the operator of a some- 


times tedious chore. 


\ BANE 7 “wa 2, i 
ae Pee Re wie or 
Miesoaa ahaa aoeee ata visa G sao a9 


; ve “y 


AOTTS in-siteeeeeeen ore Haid! ee ac 
; r | yy) : we a / ie : 
ot ot ee Se ae te ew av basal 
; : { . 
i A 


153% ‘ of i: na 3 “oH at} é WEG F ok cj hay SP os é dn pee, 


~~ 
to. VE EV ES hiv LOVAtSeosouse sn aa otf 
<) 2) a EE CaS 4 ey aan ly itl 1oF 1 C oa aay’ 
4o.ttebie.n6 tudds> em ede ane aaa i289 ont bute zie? 


vit lrobezders 2} 20598 Pe* Bast eto rhea th rr sits pact 


array ebseg Aad V1" bet bly 2a od fitioo | Rae cc 


at 
ea 


ot at ; Bett | Cony Mt sued ie ‘A tube ty ey alo wm: 


ota 


ey 


6 Nobegh nals $4 bh WE Wi ree so 


s 
— 
Se 
- 
Be 


4 


} | Ne 
‘ sisteb be miigoe Siam Ghd “ities od bisiow 28 3 tte 


As a ‘ 
ae Ny pat 


Tae an ; en 


i ee 
i 


, y ia 
Y 7a .- rie “ 
* ‘i i ie Pr . 
' ts hen ." e wi 5 ~, ee | Tote 
rue wi ory 
Ee oe 
A he as ph aes aly 
( ay 12 }. Bethea 4 
‘ . 4 
aN eR ge a . Lae ecole | € 
4a i ra . ath 7 
ey 
Pm ry at & rex 3 4 ee i 
Ee Fan Pty gift ’ P| fion me y fg, os 
an Rie ct. 
a ee ¥ ‘ dt a ws = i eis a 
Laie a 2 Be ‘ a Poa PD ae 4 
Ke ev Oe ai a re: 
“02 80 oF .SvO7F Rimi: 
‘i e 4 ape Oe pit ee : aa os 
2 ‘ 


aii ah nagptaeien | 


sry ee ‘o> Gee 


“hy, ® iA ; roe 
40 Y mesene Shin 


my, is 


Another reactor section should be constructed so that 
kinetic and control studies of slower reactions could be conducted 
with greater accuracy. One possible alternate reactor section 
would involve replacing the reactor tube, preheater section and 
reactor cooling/heating jacket with another section of similar 
design but where the internal diameter of the stainless steel 
reactor tube would be a minimum of 1.5 cm. Catalyst baskets made 
of Teflon could be built so that the catalyst charges could be 
loaded externally and then the entire jacket section could be 
lowered into the reactor tube. The effective internal diameter 
of the proposed reactor cculd be changed by using cylindrical 
Teflon sleeves of appropriate internal and external diameters. 
With this configuration, the superficial gas velocity through the 
catalyst bed could be adjusted as required. The catalyst support 
Screens would only contact the Teflon sleeving. 

The reactor section proposed above would provide the 
flexibility of using large or small charges of catalyst and could 
be built so tnat it would be interchangeable with the present 
reactor section. Given the capability of using larger catalyst 
charges, the tubing configuration could be altered to run the 
reactor as a one pass fixed bed reactor. 

Consideration should be given to replacement of the 
existing single chamber bellows pump with a dual chamber model 
with a larger capacity. The dual chamber type pump snould also 
tend to reduce pressure fluctuations in the circulation loop. 
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throughout the experimentation period, the reactor system should 
be moved to a quieter location or the noisy equipment next to 


the reactor system, in its present location, should be shut down. 
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a) Alphabetic 


P| 5 bc, 3, b4, bd 


Plague. U3, C4 


fimse, 13, f4; £5 


NOMENCLATURE 


Cross sectional thermocouple area 


G.C. peak area of component 1 


Ether/ethanol peak area ratios for 

loop 1 and loop 2 samples 

Reverse rate constants in the 
Langmuir-Hinshelwood mode] 

Constants for heat transfer soluticn 
along thermocouple 

Forward rate constants in the Langmuir- 


Hinshelwood model 


F; Feed rate of component i 
nh, hy Convective heat transfer coefficients 
G Catalyst Mass 
Enthalpy 
J}> Jo Gas temperature profile constants 
J Constant for heat transfer solution 
Kop Kas ke Constants for esterification reaction models 
kos ka Constants for ethanol dehydration reaction 
Koos Ko3 Constants for esterification reaction models 
: ~ Adsorption constants for ethanol 


Adsorption constants for acetic acid, 


ethyl acetate and water 
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Adsorption constants for Isopropanol and 
Tsopropyl acetate 

Length of thermocouple used during the 
solution of the temperature profile 
Constant for heat transfer solution 
Circumference of thermocouple 

Total pressure 

Partial pressures of ethanol, acetic acid, 
ethyl acetate and diethyl ether 

Partial pressures of isopropanol, isopropyl 
acetate and water 

Heat flux into and out of a differential Seg- 
ment dx 

Rate of reaction and/or rate of dehydration 
reaction 

Rate of dehydration in the absence of water 
Rate of ethanol-acetic acid esterification 
Homogeneous Esterification rate 

Rate of isopropanol-acetic acid esterification 
Rate of reaction of component i 

Ratios of dehydration rates 

Deactivation ratio 

Gas constant (8.31x10°?kg/mole K) 

Loop 1, loop 2 ether response factors 
Response factor of component i 


Esterification model water exponent 
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b) Greek 
Vv 
A 


Tt 


c) Abbreviations 


Catalyst site 

Time 

Normally temperature in degrees Kelvin 
Initial thermocouple temperature 

Effective thermocouple temperature 

Gas temperature and initial gas temperature 
Mass fraction of component i 

Conversion of ethanol to ether 

Conyersion of ethanol to ethyl acetate 
Conversion of acetic acid to ethyl acetate 
Fractional conversion of component i 

Mole fractions of ethanol, ether and water 
Fraction of catalytic sites covered by 


ethanol or water 


Stoichiometric coefficient 
Change operator  out-in 


Time constant 


Analog to digital converter 
Direct digital control 
Ether (diethyl ether) 

Ethyl] acetate 

Ethanol] 

Gas Chromatograph 


Acetic acid 
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Mean residual deviation 
Outside dtameter 

Sum of the squares 
Stainless steel 


Total absolute deviation 
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APPENDIX A 
HEAT AND MASS TRANSFER LIMITATIONS 


A recycle reactor was used in order to minimize external heat 
and mass transfer limitations. ‘The recycle rate used was ~150 cm/s. 
This corresponds to a superficial velocity of ~750 cm/s. This 
Superficial velocity is ~1G times greater than the largest value 
employed by Kabel (8) in his fixed bed experiments and hence it is 
unlikely that external transport effects are significant in the 


present work. 


concentration at the catalyst surface was “0.2% lower than the 
concentration in the bulk phase. It was also found that the 
external catalyst particle temperature was less than OP22C higner 
than the bulk phase temperature. The above values were calculated 
by assuming a reaction rate greater than the largest esterification 
rates observed and employing conservative estimates of physical 
properties. Therefore the maximum gradients described above are 
probably still an order of magnitude higher than the actual 
gradients. 

The smal] size of the catalyst particles (<0.1 cm in 


diameter) and the fact that the reactions studied nad low heats 


82 
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of reaction (e.g., AH for esterification is approximately -20 
kJ/mole) suggests that individual pellets were unlikely to have 
internal temperature gradients. Regarding diffusion limitations, 
Herrman (6) in previous work with a similar catalyst found the 
ethanol esterification rate to be independent of catalyst particle 


size. In Kabel's (8) work there was never any indication of 


internal mass transfer limitations. 
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APPENDIX B 
ESTERIFICATION MODELS 


The Langmuir-Hinshelwood models described by equations 2.18 
and 2.19 are derived in this appendix. The symbol S refers to an 
active surface site and A, B, C and W refer to molecules of ethanol, 
acetic acid, ethyl acetate and water, respectively. It is postulated 
that only water and ethanol adsorb on the surface sites and that 
acetic acid and ethy] acetate only adsorb on sites on which water or 
ethanol are already adsorbed. For both models the surface reaction 
was taken to be the rate controlling step. For the single site 


model {equation 2.18) the following series of equations appiy. 


ao iS (B.1) 
b] 
F¢ 
Aestee ce AB-S (B.2) 
b2 
£3 
AE-Sae WWC-S (B.3) 
b3 
4 
WC-S « W-S+C (B-4) 
b4 
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W-S «+ WHS (B.5) 
b§ 
With the assumption that the surfact reaction (equation 8.3) 
is rate controlling, the following equation is written. The square 


brackets denote concentration. 


ie F3[AB-S] - b3 [We-S] (B.6) 


Given that the rates of reaction for reactions B.1, B.2, B.4 and 
B.5 are much faster than the rate for reaction B.3 the equalities 


presented beiow hold. 


[A-S}] = (71/01) [AIS] (Bie) 
[AB-S] = Erato (B.8) 
[WC-S] = (b4/#4) [W-SJLC] 

= (b4b5/f4#5) [WI[CI[S] (B.9) 
[W-S] = (b5/f5)[WJES] (B.10) 


Substituting the equalities presented above into equation B.6 yields 


the following expressicn. 

Rout (#3(£142/b1b2)[A][B] - b3(b4b5/f4f5)[WI[C])[S] (8.11) 
Taking L to be the total number of surface sites the following 
equations are written. 


L = [S] + [A-S] + [W-S] (B.12) 
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Substituting equations B.13 into B.11 and.combining the constant L 
with f3 and b3 yields the expression for ro (in terms of partial 


pressures and the nomenclature of Section 2.3). 


ry = KakylPaPa ~ PcPi/Ko) (B.14) 
(T+ KyPa + Ky Phy) 


The derivation of equation 2.19 uses a similar methodology. 
The derivation differs because tne model involves the reaction of 
acetic acid adsorbed on water reacting with an adsorbed ethanol 


molecule. The final modified dual site model is given below. 


ry = TU ua ae Pul® ) (B.15) 


pt 
(1 + KyP, # KyPy) 


The two surface sites involved result in the squared denominator 
term and the role of the adsorbed water accounts for the KP teym 


in the numerator. 
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APPENDIX C 
GAS CHROMATOGRAPHIC COMPOSITION ANALYSTS 


C.1 Peak Detection and Area Measurement 

The signal which results when the separated components of a 
Sample pass through the thermal conductivity detector is sent to a 
| Strip chart recorder and also to the IBM 1800 computer yia an 
analog to digital converter (ADC) (cf. Figure 3.2). The computer 
program wnicn analyzes the G.C. output and determines the peak 
areas is described elsewhere (16). One problem with the computer 
analysis of G.C. peaks was that the analysis of smaiier peaks 
was erratic. This was true eyen though these peaks apoeared to be 
reproducable based on examination of the strip chart baton Her output 
for a number of identical samples, 

During this investigation it was found that the problem was 
not due to the G.C. program but rather it was due to the fact that 
smaller peaks were "Jost" in the digitization error created when 
the detector signals were digitized in the ADC. This problem is 
illustrated by looking at the computer interpretation of two smal] 
peaks. The same two peaks were analyzed by the computer under 
three different amplification conditions. 

The detector signal was amplified by factors of 1, 10 and 
30 for the two small peaks. The first peak maximum was 0.07 mV 


while the second had a maximum of 0,007 mV (these maximums were 
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relative to the baseline detector signal). The digitized G.C. 
Signal for the three amplification factors is shown in Figure C.1. 
It can be seen that at the lowest amplification factor the second 
peak is "lost" in the ADC digitization noise. The effect of 
increased amplification of the G.C. signal was to "lift" this second 
peak out of the ADC noise along the baseline. The explanation for 
the improvement with stgnal amplification is that the specification 
for the ADC at the lowest range (0 - 10 mV) is for measurement 
accuracy equivalent to +0.03 mV. This is true even when a very 
steady signal (e.g. dead short or a resistor) is sent to the ADC. 
At an amplification factor of 30 the second peak maximum is 0.21 mV 
and at this level maximum digitization error at less than 0.03 mV 
does not obliterate the peak signal. 

The actual logic of determining peak area involyes the use 
of the first derivative of the G.C. signal. The first derivatives 
of the G.C. outputs shown in Figure C.1 are presented in Figure C.2, 
To register the start of a peak the derivative must reach and stay 
beyond an upper deadband value for a specified time interval. In 
the case of amplication factor 1 it is difficult to pick out the 
second peak based on the first derivative criterion stated above. 
For higher amplification factors, the second peak can be easily 
picked out by examining the peak derivatives (see Figure C.2). 

The actual specification of G.C. jobs which set the 
parameters required to detect chromatographic peaks is described 
by Nagy (16). In this study two jobs were used during the kinetic 


work. The first, as summarized in Table C.1, was used to analyze 
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FIGURE C.l: AMPLIFIED G.C. OUTPUT 
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FIGURE C.2: DERIVATIVES OF AMPLIFIED 
G.cC. OUTPUT 
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TABLE C.1 
G.C. JOB 94 
*&* GAS CHROMATOGRAPH JOR LISTING 
BYR 26 PS BOIS NS NS DYe IE DIS Ye OE HL te Ee Ne ris ale ote Ne ale oF ote Ye ak ok sete 
JOB NUMBER = 94 CALCULATION OPTION = z 
GC NUMBER) = 9 TOTAL PEAKS = & 
FINISH TIME = 80 
NGRMALIZATION CONST. = 10C. 
* REFERENCE PEAK DATA * 
LOW TIME NF REF CEA ct As 
HIGH T™ME OF REF PFAXK 55. 
CUNCENTRATION OF 2CF PEAK 0. 
RESPOMCE FACTOR GE REF PEAK 0. 
* TIME BAND DATA * 
LOW TIME HIGH TIME CONC FGR STNN FACTOR JTYPE COMPONENT 
ieee ioe Gis C.900 1 N2 
19, oie iS Ove 2.97) H20 
37. 556 9. 1.394 l ETOH 
55, 100, ~ On 0.958 4, FET 26 
COMPONENT. SEQNO IPiuS INREF IFCGO IREST UNITS 
NQ 1 0 0 Q 0 MOL” 
H20 2 0 0 'e) Q MOL& 
ETOH 3 0) 9 ) 0 MOL 
ET 20 4 3 0 9) (f) OLS 
% PARAMETER AND CONTROL ACTION DATA * 
PARAMETER ACTIONS 
ACTION TIME KNOTM iSa5. (RAS. THIGH iLOY THARD [SGFT 
6) A8 iy 16 PPS 150 -100 8 4 
5 Afs 1 L6PPS 150 -50 3 3 
19 AB () BPPS 150 -10 4 4 
39 AB Cc BPPS 150 -100 4 rn 
30 QL 1g B8PPS isd = =6~100 4 4 


EC ACTIONS 


NO ECR ACTIONS SPECIFIED 
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TRB Bete 
G.C. JOB. 98 


e* GAS CHROMATOGRAPH JOB LISTING 
ARR RE NE Nee ae Re Ae Ne Sta. Secs Ne aR a aC ofr of ade agate 


JOB MUMBER = 98 CALCULATION OPTION = 7 
GC NUMBER = ) TOTAL PFAKS = 4G 


FINISH TIME = 230 
NORMALTZATIGN CONST, = 


* REFERENCE PEAK DATA * 


Pe RS on ee Oe es ee ne oe ee ee ee ee oe 


LOW TIME OF REF PEAK , 37. 


ACH ME OR ReR PEAK 556 
CONCENTRATION OF REF PEAK Q, 
RESPGNCeE FACTOR OF REF PEAK . O° 


* TIME BAND DATA * 


Bre ee ae oe me ee Oe Om Re CO 


LOW TIME HIGH TIME CONC FOR STND FACTOR JTYPE COMPONENT 


6.4 19, 0. 0,000 1 N2 
19. 37. 0» 2.971 1 H20 
ou lire 55. 0. 1.394 1 ETOH 
553. 100, 0. 0.958 & EF20 
100. 135. 0. 0,374 1 E FAC 
135.6 249.6 0. 1389 1 HOAC 
C OF PONENT SEQNO IPLUS INREF IFCGO [REST UNITS 
N2 1 0 0 9 0 MOLZ 
H29 2 oO (8) 0 @) NGLS 
ETOH 3 C 9 0 0 MOL% 
ET20 4 3 0 8) 0 MOLE 
ETEC 5 0 0 0 0 HOLA 
HOAC 6 0 0 0 G MOL 
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PARAMETER ACTIONS 


ACTION TIME KNOTM ISTS IRATE THIGH ILOW IHARD ISOFT IEXPL I[exP2 

0 AB id 16 PPS 150 -100 8 8 2 3 

5 AB i L6PPS 150 ~50 3 3 2 3 

19 AB a) 8 PPS 150 ~10 4 4 2 3 

39 AB 0 EPS 150 -100 4 4 2 3 

96 AB 0 4 PPS 15 ~10 10 10 2 3 

149 AB 0 GPRS 50 ~51) 6 6 2 3 

225 RL 20 4 PPS 50 59 & 6 2 3 

230 RI 19 APPS 50 -50 r 6 2 3 


ECO ACTIONS 
NO ECU ACTINNS SPECIFIED 
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for water, ethanol and ether. Table C.2 presents the computer 
summary of the G.C. job which was used to analyze for the five 


component mixtures. 


C.2 Column Development’ 

The original G.C. column was composed of 6 feet of Porapak 
Q-S and 9 inches of Porapak T (all columns were constructed of 1/8 
inch 0.D. 0.02 inch wall thickness 316 stainless steel). This 
column provided a good separation of peaks for five component 
mixtures but was deactivated due to excess water in the He supply. 
Subsequent to that time the He supply line was equipped with a 
drying section (the drying agent was mole sieve 5A which was 
regenerated at 6 month intervais by overnight heating at 300°C). At 
this point another column consisting of 5.5 feet of Porapak Q-S and 
15 inches of Porapak T was designed. This coluinn also yielded 
good separation but the acetic acid peak tended to tail into the 
ethyi acetate peak (for this column the acid peak was the fourth 
peak). A better column was needed. 

The final column was composed of 6 inches of Porapak S, 
followed by 3 feet of Porapak R and 6 inches of Porapak Q-S. The 
operating conditions have been described in Section 4.5.1. The 
column never showed any sign of deterioration and could withstand 
high temperature G.C. oven operation, At higher temperatures the 
column was cleared of any accumulated heavy ends (maximum safe 
temperature for the column packing was 250°C). The big advantage 
of this column was that the acetic acid peak, which tailed the 


most, was eluted last. The development of the final G.C. column 
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involved the testing of about 50 different column combinations, 
roughly 500 G.C. oven temperature ~ carrier gas flow rater - colum 
combinations and several thousand sample injections. 

A typical G.C. output is shown in Figure C.3. The first 
peak after the sample injection is a nitrogen or air peak. This 
was present to varying degrees in most G.C. outputs but was so 
smal] that it was ignored when compositions were calculated. During 
some kinetic runs a small ethylene peak was detected between the 
nitrogen and the water peaks. If present at all, this peak was 
eyen smaller than the nitrogen peak. The ethanol peak tailed into 
the ether peak (illustrated by the dramatic rise upon changing the 
attenuation from 16 to 1) and this was the cause of problems in 
peak area determination for certain ethanol/ether area ratios (see 
Section 4.5.2 and Section C.3 of the appendix). In general, the 


peak separation for the final G.C. column was good. 


C.3 Calibration of the 'Gic. 

The G.C. was calibrated by sampling mixtures of known 
composition. The area ratios for the components (relative to the 
ethanol reference component) were then calculated for a number of 
injections and the response factors were calculated according to 
equation 4.1. The water, diethyl] ether, ethyl acetate and acetic 
acid response factors for the calibration mixtures are tabulated 
in Tables C.3 through C.6. The compositions of the calibration 
mixtures are listed in Table H.2. The response factors for the 
four components given aboye are plotted as a function of the mass 


ratios (relative to ethanol) in Figures C.4 through C.7, The 
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FIGURE C.3: TYPICAL G.C. OUTPUT CHART 
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TABLE C.3 
RESPONSE FACTOR CALIBRATION POLNTS FOR WATER 


Mixture Mass Ratio Sample Area Ratio Response Factors 
# een Loop! CU QPE TOT. low _ Average _ High _ 
VITI 0.03084 1 0.0430 a ohe vg 21S. 2.178 
2 0.0380 1.9T7 1.924 ¥.936 
IX 0.1169 1 0.1681 20d | 2.242 2.249 
2 0.1500 1.990 2.001 2012 
X 0.2957 1 0.4116 2.148 ee di 2.199 
A 0.3724 1.982 1,964 1.983 
XT 0.6414 ] 0.7943 1.914 1931 1,965 
2 0.7364 1.741 TayS! 1.834 
XII 0.01409 1 0.02057 2.263 2eArG 2.285 
2 0.01670 1.794 1.848 1.885 
XIIT 0.3127 ] 0.4137 2.043 2.063 2.078 
Z 0.3749 1.843 1.870 1.893 
XLY 0.2900 1 0.3911 2.100 2.103 2.108 
2 0.3482 1.852 1.872 1.889 
XV 0.0421 1. 0,058] 2.133 2.154 Zr WF. 
2 0.0504 1.836 1,865 1,832 
XVI 0.2266 ] 01.2952 2.002 ZIG 2.046 
2 0.2718 1.858 1.871 1.881 
XVII 0.7444 1 0.1869 ¥.992 2.019 2.044 
2 0.1731 1.864 1.869 1.874 
XVIII 0.01163 1 0.01647 2 Le 2.209 2.309 
2 0.01319 TAZo W.769 1.798 
XIX 0.04033 1 0.05372 2 OFM 2.078 2.082 
2 0.04772 1.826 1.845 1.862 
XK 0.3974 ] 0.5301 2.029 2.080 Zl 
2 0.4637 1.769 1,820 1.877 
I 0.05952 L 0.67075 V.537 1.854 1.872 
IT 0.9436 L 1.083 el oe 1.79 1.83 
III Eee, L. 3.342 1.774 §.799 1.847 


i = gas sample loop 1, 2 = gas sample loop 2, L = liquid 
sample. 
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TABLE C.4 
RESPONSE FACTOR CALIBRATION POINTS FOR ETHER 


Mixture Mass Ratio Sample Area Ratio Response Factors 
i 0 ; 
ae ae (ET,0/E OH) _Loo ] (ET,0/ETOH) au eco High 
VIIT 0.1039 ] 0.0855] 1.269 1.2288 1.4805 
2 0.08941 1.379 1.342 1.376 
IX 0.4227 ] 0.3678 1.343 1257 Payers 
rd 0.3833 1.388 1.414 1.428 
XK 0.992] ] 0.8798 1.364 1,076 1. 97 
2 0.9071 1.396 1.419 1.430 
XI 22632 ] 2.304 ibe 7/8) 1oi/ 1.384 
Zc 2.446 1.436 1.449 1.473 
Xit 0.03847 ] 0.0284] 1.138 Raboe 1.166 
2 0.03065 dee238 1 243 1.259 
Xitl 1.956 ] 1.699 1.34] 13354 gol 
Z 1766 1.392 1.405 1.413 
XIV 2.916 ] Coe 1.345 1.354 1.362 
2 2.649 1.412 1.417 1.420 
XY 0.05828 ] 0.0482 Tey 1.290 1.303 
z 0.0487 1.286 i303 L313 
XVI 0.1304 ] 0.1132 1.334 353 ort 
Z 0.1140 1.347 e363 1.389 
XV{T 0.3094 ] 0.2746 1.379 1.384 1.389 
2 eer 1.386 1.396 1.406 
XVIII 0.1282 ] 0.1110 1.343 1.350 i357 
2 Oly, 1.344 1.359 1es77 
XTX 0.02589 ] 0.01901 IeT3s 1.145 1.150 
2 0.01925 Teas 1.160 1.166 
XX 25559 1 23.24 1.389 ATG 1.439 
2 23.69 1.433 1.444 1.458 
AXUIL 0.0286 ] 0.0134 0.704 0.730 Ory St 
2 0.0141 0.744 OS 771 0.789 
XXIV 0.00909 ] 0.00474 0.794 0.813 0.828 
2 0.00502 07383 0.862 0.879 
XXY 0.01058 1 0.00603 0.880 0.889 0.905 
2 0.00669 0.976 0.986 0.997 
XXVI 0.03185 ] 0.02318 1.124 1.135 1.145 
: 2 0.02487 Tage leas 1<236 
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TABLE C.4 (continued) 


RESPONSE FACTOR CALIBRATION POINTS FOR ETHER 


Mass Ratio Sample Area Ratio | 


(ET, 0/ETOH) bap i (ET,0/ETOH) 
0.0255 ] 0.0172 
2 0.0189 
0.0147 1 O- 00835 
2 0.0096 
0.05239 L 0.05126 
0.8824 E 0.8193 
2.67 le Gea se cto 


] 
sample. 


] 
] 
0 
1. 
] 
1 
1 


Response Factors 
Low 


~ O15 
. hb 


gO 
001 


12 
447 


pao | 


ee 


Average High _ 
1.5) 1.084 
}. bo? |. 182 
0.881 0.900 
¥.023 T2653 
1.417 1.42 
1.449 1.45 
ET 52050 ale OF 


1 = gas sample loop 1, 2 = gas sample loop 2, L = liquid 
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TABLE C€.5 
RESPONSE FACTOR CALIBRATION POINTS FOR ETHYL ACETATE 


Mixture Mass Ratio Sample Area Ratio Response Factors 
# (ETAC/ETOH) Loop! (ETAC/ETOH) Low Average High 
XV 0.1407 1 0.1171 1.295 1.298 b 301 
2 0.1178 1,003 1.306 1.307 
XVI 0.9404 1 0.7719 1.270 1.280 1,291 
Z 0.7821 1,287 1,297 1,305 
AVIL 0. 3599 1 0.2978 1.284 1.290 1.299 
2 0.2997 1.29] 1.299 1,303 
XVITE 0.8126 1 0.6753 1,233 1.296 1,300 
2 0.6821 1,303 1.309 t.218 
XIX 0.1323 1 0.1100 1,29] 1.296 1.300 
2 0.1109 1,305 1,307 Per 
XX 1.898 1 iy, 557 1,258 1.280 1.298 
2 +, 596 1,291 132 1.320 
XXV 20.43 1 1,665 1.262. 1.274 1.277 
2 1.705 i.o0t 1.301 1303 
XXVIT 2.028 ] 1.666 eu i223) 1.283 
: 1.689 1,296 1,299 ¥, 205 
i 0.06025 [ 0.05116 101g 12325 PS, 
iis 0.8409 L 026955 1.276 Ty29 Te299 
Tit 2.8/3 L 2.34] 1.268 lace Ue cay: 


en rn ar ee 


1 = gas sample loop 1, 2 - gas sample loop 2, L = liquid 
sample. 
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TABLE C.6 
RESPONSE FACTOR CALIBRATION POINTS FOR ACETIC ACID 


Mixture Mass Ratio Sample Area Ratio Response Factors 
it (HOAC/ETOH) Loop! (HOAC/ETOH) Low Average __High 
XV 0.20/76 ] 0.1685 16250 1.266 1.285 
2 0.1634 1220Z Laz2s 17263 
XVI 1036 ] 0.9380 1.244 12287 T3381 
2 079232 Lead) 12267 1.317 
AVIL 0.1829 1 0.1447 ees 1.234 1.256 
2 0.1414 1.186 13205 14222 
XVITL 0.05634 ] 0.04328 1.148 Talos 1.263 
2 0.04272 Valez Ials2 1.4267 
XIX 0.05354 ] 0.04029 1.147 Ta 73 1.186 
2 0.03885 Pe olt7, hal.32 Talos 
XX 1.085 1 0.8708 1.218 12251 Pease 
2 0.8284 T..156 ag lig29 
la 0.0571 L 0.0406 0.059 Tat TO Tazo 
IT 0.9652 LJ 0.7521 Lelie) 1.216 1.4228 
LIT 2.901 L 2.262 4 9 1.209 apg 22 


a ee 


1 = gas sample loop 1, 2 - gas sample loop 2, L = liquid 
sample. 
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SAMPLE MASS RATIO (HOAC/ETOH) 


FIGURE C.7: RESPONSE FACTOR CALIBRATION 
PLOT FOR ACETIC ACID 
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captions “Loop 1" and “Loop 2" are in reference to gas sample 
injections via these gas sample loops. This method of plotting the 
response factors tends to emphasize any scatter in the response 
Factor datas Tt is then possible to determine what the best average 
response factors are. The final response factors presented in 
Table 4.1 were arrived at by examining mass ratio versus response 
factor plots. 

For water the loop 1 gas sample calibration points tended 
to be more scattered than the loop 2 points. Water mass balances 
during kinetic runs (see Appendix I) indicated that the loop 1 
water response factor of value of 2.2 resulted in better agreement 
with the balances caiculated for loop 2 samples. Thus the water 
response factor was set at 2.2 (a better value for low water/ | 
ethanol mass ratios) for the kinetic runs. The yalue 2.07 was 
probably better at higher mass ratios but during kinetic runs the 
mass ratios were normally quite low (the molecular weight of water 
is less than half that of any other component and therefore the 
water/ethanol mass ratios were much Jower than the molar ratios). 

The ether response factors plotted in Figure C.5 appeared to 
drop off at lower mass ratios. This was caused by the way in which 
the area was calculated for the ether peak (the ether peak started 
on the shoulder of the ethanol peak). As discussed in Section 4.5.2, 
if another area calculation procedure was used the response factors 
would have curved up rather than down for lower ether/ethanol mass 
ratios. The response factor versus area ratio plot is shown in 


Figure C.8. The calibration points at the lower ether/ethanol area 
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ratios (area ratios less than about 0.1) were fit to polynomial 
equations. The loop 1 and loop 2 ether response factors at low 
area ratios were calculated according to the best fit equations 
Catrand Cec: 


RF, = -0.02235(1n an) + 0,007229(1n Ap,) # 1.48 (C.1) 


HH} 


RF, = -0.03474(1n be -0,1043(in Ags) + 1.298 (c.2) 


2 
In equations C.] and C.2 the peak area ratios for loops 1 and 2 are 


A,, and A 


RI R2° 

The response factors were used to analyze the &.C. results 
for the compositions of the calibration mixtures. Equation 4.2 was 
used to calculate the compositions based on mass functions and these 
were converted to a molar basis. Tables OUT enyoton tea list the 
composition analysis for six calibration mixtures. The analysis for 
a number of samples, the average analysis and the feed composition 
are tabulated. Odd sample numbers indicate gas samples via loop ] 
and even sample numbers are for loop 2 gas samples. It can be 


seen that the calculated compositions are quite close to the actual 


values. 
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TABLE C.7 
CALCULATED COMPOSITIONS FOR CALIBRATION 
MIXTURE XV 
PRODUCT ANALYSTS MOLE 2 
SAMPLE COMPONENTS 
# H20 ET OH ET20 ETAC HOA C 
5 7270 TL td 2efl 5 ye Dil 11.67 
f Puss ate 6" TP 69 5,356 11.81 
9 le DO 1208 2s 5,836 11.93 
ll 1659 12246 Litt 1 SP oh 11.85 
6 4 et9 12. kD 2264 D.toD Tage el 
8 tf. 66 Lee Di), 2.60 be Dib Tikes 35 
10 7279 12.44 LO ey 5D lat 0/8 
M2. Wet it T2122 2.65 Die Se 12.0} 
te. 68 12.44 2067 5.6 11.83 
FEED 4e31 12264 2% 63 (5.34 144°56 
TABLE C.8 


CALCULATED COMPOSITIONS FOR CALIBRATION 
MIXTURE XVI 


a a TE 


PRODUCT ANALYSIS MOLE 4 


SAMPLE COMPONENTS 

# H20 ETOH BT 20 ETAC HOAC 
19 18.00 33.48 a. 13 16.40 29036 
au bie 02 32.76 ZL 15.86 abe 11 
23 bie 60 32610 2265 16.07 30.255 
25 17.80 23-18 i | e633 re NS be 
20 18.89 326 61 2269 16.17 29-40 
22 3.95 24.51 2.61 BS. 8:/ 30.03 
24 ta 32.636 Zool 15.89 20.35 
26 18.89 Bae 55 2264 15.97 29.93 
jt = Wage | 32.85 2266 16.07 20 «09 


FEED Lo lS 33.07 2.68 16.26 28.81 
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TABLE C9 
CALCULATED COMPOSITIONS FOR CALIBRATION 


MIXTURE XVIT. 


PRODUCT ANALYSIS MOLE & 
SAMPLE 


FEED 


COMPONENTS 
H20 ETOH 
18.01 53).,00 
LORehZ 58.04 
Loh le Fei 
13.8 FG 
19%..52 53.04 
POND so Sle, Ot 
19.49 Sie, Ow 
1 Ot rl 513.02 
(9..05 53. 88 
19). 533 7g Sil 
TABLE 6.10 


wo ee ces ome oe 


CALCULATED COMPOSITION FOR CALIBRATION 
MIXTURE XVIITL 


— 


PRGDUCT ANALYSIS MOLE 4% 
COMPONENTS 


SAMPLE 
# 


19 
ra | 


PEED 


H20 


1.95 
18D 
1.9% 
1.84 


ETOH 


63.20 
63.1 
63635 
63.47 
63:05 
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TABLE’ C211 
CALCULATED COMPOSITIONS FOR CALISRATION 
MIXTURE XIX 


Oe ee ee ee ee 


PRODUCTMIANAWY STS MOLE 2% 


SAMPLE COMPONENTS 
# H20 ETOH EZO SAG HOA C 
= VaPesrs' 81.79 eA aw 5.70 Bl Aalce: 
7 That aoc ane) Oils OS PP tao ir ye ke) BLO 
9 aod 81.79 1.36 5 266 3.20 
PT Te96 81.74 le37 S10 3220 
8 8.36 81.49 1.30 5 «Ol 3anl6 
10 8.35 81.45 0 5.65 Bie? 
12 8.33 ey Bg! 1.30 5.66 Ben fi 
14 8.26 81.62 In2? 5 sul, 3214 
8.14 81.65 eos J Eom | oy les 
FEED 8.38 81,34 1.30 Die 2 3033 
TABLE C.12 
CALCULATED COMPOSITIONS FOR CALIBRATION 
MIXTURE XX . 


PRODUCT ANALYSIS MOLE 4 


SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC HOAC 

27 4. 65 he Olavat cde: 36 4 688 4.18 
29 4.60 A Ot, eal ae 4.86 4.19 
31 4. 67 iQ 3n€ Shark 487 4.13 
33 4.87 nfo caliente WS 4.87 ote 
26 4.89 45958) 81,02 4.99 4.12 
28 4.90 Aug FOue BO. 91 4.98 4.20 
20 495 LeOF 80.91 5.01 AnlZ 
aya 4.91 ass = 20 A00 5.00 4.20 
4.81 Lh 9S wee BL s.L3 4.93 4.16 

FEED 5.14 5.06 80.55 5.02 4.21 
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APPENDIX D 
TEMPERATURE MEASUREMENT 


D.1 Thermocouple Calibration 

The temperature of the catalyst bed was measured with an 
iron-constantan thermocouple (#74-14) which was referenced to an 
ice bath cold junction. The thermocouple was calibrated against a 
platinum resistance thermometer over the temperature range of 
interest. The temperature was calculated from the thermocouple 
output by using the least-squares best fit line obtained from the 
calibration points. The calibration points, the temperature 
calculated using the linear fit and the temperature calculated from 
standard tables for iron-constantan thermocouples (17) are presented 
in Table D.1. 

The relationship between thermocouple output and temperature 
was found to be expressed by the following equation, 

Temperature (°c) = 18.205 x Output (mV) + 4.1 (D.1) 

The average deviation of calculated versus actual temperature was 
0.06°, hence the linear output-temperature relationship was 


accurate over the temperature range of interest. 


D.2 Temperature Profile, Reactor Tube 
The Teflon sleeve (see Figure 3.5) was installed in the 
reactor tube to limit longitudinal temperature gradients in the 


catalyst bed. Measurement of the temperature profile above the 
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TABLE D.1 


TEMPERATURE MEASUREMENT CALIBRATION 


Calculated 


Actual Thermocouple Temperature Temperature 
Temperature Output (Equation D.1) From Tables 
Beles )a (nV) acu A ia (°c) 

102.61 5.405 102.52 rT 02653 

102.76 5.420 102779 102.80 

112.47 5252 112.47 2256 

hiz.59 5.960 Eiz.62 Zea 

122.46 6.503 Wecno4 122.64 

arene 6.516 Haas hs) 12270) 

122.6] 6.510 122.64 22.76 

132.42 7.056 132.76 132.89 

132.68 7.064 132272 1322.65 

132.48 cae 132.33 132.45 


142.56 7.603 142.55 142.65 
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catalyst support screens showed that the temperature was isothermal] 
within the sleeve section. The measurements were carried out by 
moving the thermocouple in the reactor tube above the support 
screens under conditions similar tc normal run conditions. Five 
centimetres of sleeve were in the reactor tube and the longitudinal 


temperature profile is presented in Table D.2 


TABLE D.2 
LONGITUDINAL TEMPERATURE PROFILE 


Distance Above Screen Measured Soe LeeUre 

cia POI) ks 
320 136.0 
4.0 136.0 
5 0 136.0 
6.0% 9 | } 136.7 
720 138.0 
8.0 $3059 
5.0 T39%2 
10.0 140.4 
710 139.8 


D.3 Heat Conduction 

Heat conduction along the thermocouple can cause the measured 
temperature to be different from the actual gas temperature. One 
can determine the temperature difference at the end of the thermo- 
couple by setting up a heat balance and solving the resulting 
differential equation. The gas temperature is changing along the 


thermocouple. The scheme is presented in Figure D.1. 
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FIGURE D.k HEAT TRANSFER ALONG THE 
THERMOCOUPLE 


TEMPERATURE 


DISTANCE ALONG THERMOCOUPLE (x) 


FIGURE D.2: TEMPERATURE PROFILES ALONG 
THE THERMOCOUPLE 
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The temperature of the gas surrounding the thermocouple is 
also a function of the distance along the reactor tube. The 
temperature profiles are presented in Figure D.2. Referring to 
Figure D.1., the heat conducted into the differential element dx 


minus the heat conducted out is equal to the heat lost by convection, 


Gaede en, DUT = Tg )dx | (D.2) 


Equation D.2 can be rewritten in the following form. 


-kA dT 


+ kA‘dT| = hp(T - Tg)dx (D.3) 
dx 


X AX] dy 


Here k = thermal conductivity along the thermocouple 
A = cross sectional area of the thermocouple available 
for heat transfer 
h = convective heat transfer coefficient 
p = circumference of the thermocouple 
The temperature in equation D.3 can be replaced with an 


effective temperature, Te, which is defined according to equation D.4, 
besser = (igauc 119) (D.4) 


Substituting this definition of temperature into equation D.3 and 


rearranging results in the following equation 
dTe + dTg a pales CG. aac : 
kA Lay lg ox dx!) hp(Te Tg) dx 
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With Me = hp/kA, equation D.5 can be expressed as follows. 
daresa det 0? ; 
=a ee an = MW (Te-r-Tgp) (D.5) 
X 


Qne can now assume a temperature profile for the gas stream 
to be an exponential temperature drop and the first and second 


derivatives of the gas temperature can be defined. 


1g = Tz + Je"2" (D.7} 
dtg _ dyd,e72* 028) 
ax 
dete" Se : 9 
dT9 _ J,J52,-Jox (D.9) 
2 
dx 


Letting Y = Te - Td, = T - Tg equation D.6 is written according to 


the following equation. 


| ae | 
OAC ey ee (D,10) 
els 


The particular solution of D.10 is Yp = Jd e 42% where 


J= <5 056 (0,74) The general solution is 


Yg = cielx m c2e7 MX (0.11) 


Therefore the solution of equation D.10 is as follows. 


y= Cle + cre" + jet 2* (D.12) 
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The two boundary conditions given below apply 
atx=0 ,Y= Tg - Tg) 


i a Pa & = h - T9,) 
xb 


Here hy is the convective heat transfer coefficient and the subscript 
L refer to temperatures at the end of the thermocouple. 


One can then solve for C, and C,. 


07 = [e(To-Tag) (C3-1)e7 H+ L9(03-1) eM ]-L(cadc4)e"Fahy 


2(cosh ML + C3sinh ML} 
(D.13} 


og = E(Tg-Tyq) (C3+I)e" I+[3(c3+1 Je T+ (c30-ca)eI24] 


2(cosh ML + C3sinh ML) aun 


where A. = thermocouple temperature at x = 0 


C3 


h/kM 
C4 = JoJ/M 

If the second derivative of the gas temperature is zero (in 
this case when Jo = 0), the solution corresponds to the solution for 
heat transfer from an extended fin of uniform cross-section (10) 
(Note: the temperature substitution of equation D.4 still holds). 
The solution for the simpler problem (10) is 


y = {1-19 _)(cosh M(L-x) + C3sinh M(1-x)) (D.15) 
ea! cosh ML + C3sinh ML 
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The temperature profiles for a number of combinations of heat 

transfer parameters and gas temperature profiles were calculated. 

One such case is explained here. The thermocouple section was 

taken to be 4 cm long and the gas temperature drop was set at 9.5°C 
over the interval (the a: temperature profile was calculated 
according to equation D.7). At the start of the interval the 
temperature of the thermocouple was assumed to be 10°C higher 

than the gas temperature. The following parameters were used for 


the calculations: 


i 


k = 62.4 kd/m K hr 
a3 

A = 1.98x10 ~ m 

h = 614 kd/me K fir 

205 kd/m* K fir 


489x105° mn 


I 
i 


Ss 
iT} 


With the above assumptions and parameters the temperature difference 
(T - Tg) ) at the tip of the thermocouple was calculated to be 
0.23°¢ using equation D.i2. Using equation D.15 the calculated 
temperature difference was 0.03°C. 

The calculation described above was conservative for a 
number of reasons. One assumption was that the thermal conductivity 
of the entire cross-sectional area was equal to that of stainless 
steel. In fact a large portion of the thermocouple probe is 
insulation which is covered with a stainless steel sheath and thus 
the actual thermal conductivity is less than the value used 
(as k2o0, T>Tg). The gas temperature drop along the section of 


thermocouple was assumed to be 9.5°C but it was actually 
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approximately 3°C (4 cm temperature drop = 139.2 - 136.0 = shred 
see Table D.2). With a smaller gas temperature drop (and a nearly 
linear profile) the calculated thermocouple tip temperature would 
approach the gas temperature even closer than was indicated in the 
example calculation. Thus the temperature indicated by the 
thermocouple (as measured at the tip) is probably within 0.1°C of 


the actual gas temperature during normal operation of the system. 
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APPENDIX E 
CATALYST CHARGES 


The purpose of this appendix is to provide details concerning 
the actual amounts of catalyst used for the experimental runs. The 
individual charges listed in Tables E.1 and E.2 were prepared from 
Dowex HGR-W (H+) cation exchange resin according to the procedures 
presented in section 4.1. The long term storage of the catalyst in 
individual capped vials did not cause any deterioration of the 
catalyst. The results of later dehydration runs (with catalyst stored 
for over 2 months) are consistant with earlier runs using different 
catalyst charges. 

Table E.3 is a listing of the runs carried out with various 
charges of catalyst. The physical colour of the catalyst after 
contact with acetic acid was different from the colour of the fresh 
catalyst (golden yellow). Charges of catalyst exposed only to 
ethanol and dehydration products retained the colour of the fresh 
catalyst. Catalyst exposed to high temperatures (>150°C) for extended 


periods of time became black and did not regain the colour of fresh 


resin. 
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TABLE E.1 


BATCH 1 CATALYST CHARGES 


Vial Mass 
Charge Net/Gross 
Number See 

] 9.7064 
9.4936 

2 9.3052 
9.1457 

3 9.3521 
9.1844 

4 9.4632 
9.1362 

5 9.4571 
9.3304 

6 9.223] 
9.1551 

rf 9.9508 
9.4708 


Total Charge 


Mass 


0.0680 


0.4800 


Moisture determination for Batch 1 charges 


Mass of vial empty 


Mass before vacuum heating 
Mass after vacuum heating 


Bone dry fraction of total mass 


R 


19.7800 
233515 
20.9733 


mass of bone dr 


catalyst 


mass of "wet" catalyst 


_ (20.9733-19.7800 
(21. 3515-19. 7800 


1a i833 
Ueey ef) 


76% 


= 0.759 
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TABLE E.2 


BATCH 2 CATALYST CHARGES 


Vial Mass Total Charge 
Charge Net/Gross Mass 
NODE ey emer ee On) ee ee ee) 
| 5.4428 
4.7765 0.6663 
2 4.9742 
4.7350 0.2392 
3 4.9542 
4.6782 0.2760 
4 553309 
4.6767 0.6622 
5 5.2878 
4.8545 0.4333 
6 5.1350 
4.8336 0.3014 


Moisture determination for Batch 2 charges 


Mass of vial empty - 19.7840 g 
Mass before vacuum heating - 21.4338 g 
Mass after vacuum heating - 21.1003 g 


Bone dry fraction of total mass = mass of bone dry catalyst 


mass of "wet" catalyst 
_ (21.1003-19.7840) 
~ (21.4338-19.7840) g 


1.3162. 
T.6493 ~ 0-798 
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TABLE E.3 


CATALYST CHARGES USED FOR EXPERIMENTAL RUNS 


Catalyst 
Charge Batch suns 
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APPENDIX F 
SYRINGE PUMP CALIBRATIONS 


The calibration points for various combinations of pumps, 
ranges and syringes are listed in Table F.1. The experimental method 
used for calibrating the pumps is given in section 4.2. For the 
calibration points the density of water was between 0.997 and 0.998 
gem at the ambient temperature during calibrations. 

The two syringes used were so similar that calibration points 
from each fel} on the same line. Hence the syringes were essentially 
interchargeable. 

The experimental points (the three calibration lists of 
Table F.1) were fit to straight lines (Equations F.1 to F.6 Table F.2) 
with least-squares fitting routines. The equations of the resulting 
lines along with the standard deviations of the fitting are presented 
in Table —.2. The calibration points and the fitting lines are 
plotted in Figures F.1, F.2 and F.3 

The calibration did not change with time. This is 
substantiated by the fact that some of the calibration points (Table 
F.1: e.g. the last 50%/1000 point and the last two 1/100 range points) 


were taken over 6 months later than previous points in the same 


columns. 
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Pump 355 
ange 1/1000 


ing Flow Rate 
erm) /min) 3 


Sorriige #1 


.00857 
.0166 
00322 
»0255 

. 005488 
. 03486 
501257 
~042205 
.02183 
05047 
, 0299 

, 05997 
0324 
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.0195 
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TABLE*E. 1 


SYRINGE PUMP CALIBRATION POINTS 


Pump 355 
Range 1/100 


Setting Flow Rate 


(%) (m1 /min ) 


Syringe 
50. 0. 
20. 0. 
70. 0. 
10. 0. 
10. OF 
80. 0. 
50; 0. 
90. 0. 
40. 0. 
60. De 

Syringe 
Zoe 0. 
ee D: 


nominal value 


#1 


(ml /hr) 
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Pump 352 
Range 50 ml 
setting Flow Rate 
T/hr)' (ml/min) _ 
Syringe #2 
60 0.01113 
15 0.003011 
30 0.005108 
0 0.0346 
0 0.01784 
0 0.10623 
0 0.07104 
0 0.259 
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APPENDIX G 
EQUIPMENT OPERATION 


This appendix is supplemental to the information presented 
in Chapter Four. Normal operation during kinetic runs involyed 
setting the voltage inputs to the system heaters as described in 
Section 4.7.1. Some of the system heaters were not designed for 
voltages beyond certain maximums. These maximum heater inputs are 


given in Table G.1. 


TABLE G.1 
MAXIMUM VOLTAGE SETTINGS FOR HEATERS 


Ca a rn A A A CN 


Variac Maximum 
Heater Normaliy Input 
Description al Used | (V) 
Feed Block Heater ] 20 
Qven Heater 2 120 


Reactor Heater 3 
Reactor Postheater 4 80 
Interheater (Oven-G.C.) 5 


Pre-Feed Line Heater - 40 


Or ee ee 


Good temperature control of the catalyst bed section of the 
reactor was achieved when DDC loop CE92, which controlled the 
preheater, was run as a proportional plus integral action controller 


and DDC loop 0E94 regulating the cooling air control valve was in 
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the propertion control mode only (during kinetic runs loop 0£94 
was used in the manual mode of operation with a constant output of 
about 30%). At the setpoint temperature the control signal from 
loop 0E94 was normally set at 30%. DDC loop 0£96 controlled the 
solenoid valve on the cooling air line but this on/off controller 
was not normally used. The solenoid valve was available for the 
implementation of large, quick drops in reactor temperature. The 
DDC loops used during this work are presented in Table G.2. An 
explanation of the information summarized in these loop records 

is available elsewhere (2). 

Included in Table G.2 are 3 other DDC loops which were not 
used during kinetic runs but which were designed and used during 
the course of this work. Loop 0&0] is a reverse data acquisition 
loop which was used to send a programmed setpoint to temperature 
control loop 0E92. Loops OE02 and OE03 are data acq-isition loops 
which were available to record the setpoint temperature and 
measured temperature from loop OE92. 

Actual operation of the equipment during kinetic runs 
inyolved sending the signal from the upper reactor thermocouple 
(referenced to an ice bath) to analog input point 173 for digitization, 
The digitized measurement signal was then used by DDC loop OE92 
(loops 0£94 and 0£96 also used the same measurement signal) as the 
measured temperature for control purposes and this temperature 
could be printed out on the teletype upon request. The detector 
signal from the G.C. was digitized via analog input point 160 and 


this information was available for use by the G.C. package on the 


IBM 1800 computer. 
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0F 92 
7FEFF 
19E8 


0F94 
7FFF 
2663 


0E96 
TFFF 
0000 


OEO1 
4B1F 
4B97 


OEO2 
31389 
S439 
3/39 


O0E0O3 
3740 
373A 
3746 


TABLE G.2 


A A SA a 


RECORD OE92 


LOOF OOAD 
0440 TFFF 
0000 1984 


RECORD OEF94 


200F OOAD 
1440 7FFF 
0000 OA3D 


RECORD OE96 


POOF OOAD 
L440m) TIRE F 
0000 


RECORD “OE O1 


ZOO CO SOEGZ 
4B38 4843 


RECORD OEO02 


4003 O£F92 
ahADS ShBG 
BEI, et So 


RECORD OFO03 


4000 OF92 
3744 3744 
Spon 3136 


DDC LOOPS 

0000 AOCO 
0000 0440 
S200 O0L4 
0000 “ACCU 
O000 1440 
0000 0000 
0000 AOCO 
0000 1440 
090C 4AE4 
4B50 4B5C 
OOOE O6AE 
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One problem encountered during this work was that sometimes 
the DDC loops controliing the reactor temperature received an 
erroneous, low temperature measurement signal for a brief period of 
time. This occurred during level steady state temperature controlled 
operation (as monitored by the lower reactor thermocouple) and the 
resulting control action caused the catalyst bed temperature to rise 
quickly. By the time the measurement signal to the control loop 
returned to its corrected value the catalyst batch was neated beyond 
its maximum operating temperature. The cause of these brief lapses 
in temperature measurement were never determined (one possible cause 
was interference from the pilot plant evaporator unit located next 
to the reactor system) but the problem was overcome by limiting 
the control signal which could be sent to the current to voltage 
converter. The input of heat via the reactor preheater was thus” 
limited to a specified maximum. 

Another problem encountered during operation of the equipment 
was interference with the G.C. detector signal (this signal was 
sent to the computer). Sharp drops in the G.C. signal were caused 
by the operation of a constant temperature bath which was used in 
conjunction with adjacent equipment. This temperature bath was then 
plugged into a different set of electrical outlet boxes and the 


problem did not recur. 
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APPENDIX H 
FEED AND G. C, CALIBRATION MIXTURES 


Feed mixtures of various compositions were prepared for 
use during reaction studies and G. t calibration. The feed 
preparation procedure was described in Section 4.4. Table H.1 lists 
the compositions of the various feed mixtures used for kinetic 
studies. Some of the compositions listed were not actually 
prepared but were the calculated feed compositions when two feed 
syringes were used. Table H.2 lists the compositions of mixtures 


used for G. C, calibration. 
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TABLE H.1] 


FEED MIXTURES 


Code Feed Mixture lole % Density 

Hale Beye ees Hy0 ETOH ET,0 HOA (g/ml) 
1 ETOH P0953?" 90.0847" <ae- 0.791 
2 HOAC bn23 aes Cen VANE 
3. XXT 094301 65125) §.68- 8 wcducou ecee73 
4 XXXI 239059" 176 952 4een 0.817 
5 XXXIT 0.13. 078.44 , 2.48 0.766 
6 —_XXXLIT 0.14 75.18 © 24.68 0.762 
7) XXXIV 112334 788.67 ee 0,800 
Wie = forace 0 2e ccd idee peel Aerie ooe Gere 
EI@? hl 3 (.6959619:23a8, 388 80,068 - 

rose E1-3, ELT-4 0251/0 46.94 2-78L. conc, 

ieee (SE SI (20 G.h ee ee ne 

jayry ElT1, EVE, EVITe 024999049.50 }.086 49.986  - 

1% ELV, EV 624th 416. 79 Cea Apap 

14 xxxve 

Wee Ac sa) | ONE BMA NRE 

‘calculated from the rate and compositions of two syringes. 


2u1.12 and XXXV are identical feeds. 
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TABLE H.2 


G. C. CALIBRATION MIXTURES 


: : Mass % 
aps a as 
I 4.842 81.348 4.262 
II 20.370 21.588 19,049 
ine 23.429 gfogs 2" oT ei2 
VIII 2.71 88.12 9.15 
IX 2.59 64.94 27.45 
X 12.90 43.61 43.49 
XI 15.01 23.40 61.59 
XIT 1.34 95.01 365 
XIII 9.57 30.58 59.85 
XLV - 6.90 O3u77 69.33 
XV 2.906 69.024 4.023 
XVI 61599" the2ont) 3.800 
XVII Lee Me poy one cel 
XVIII 0.579 49.780 6.384 
XIX 3,221. 79.865 2.068 
XX | 2326 3.3360 g9185). 485 
XXII 0.059 97.160 2.781 
XXIV 0.059 99.041 0.900 
XXV 0.089 32.686 0.346 
XXVII 0.089 32.620 1.039 
XXIX 0.058 97.46 2,482 
XXX 0.055 98.496 1.445 
H0 100.00 . : 
ETOH 0.06 99.94 2 
ET,0 0.01 0.01 99.83 
ETAC 0.105 0.147 : 
HOAC 0.25 : 
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APPENDIX I 
DEHYDRATION RUNS 


A summary of all the dehydration runs is presented in this 
appendix. Information about each run is given in tabular form 
(Tables I.1 through I.41). Multiple samples were taken for each 
Steaay state kinetic run and these are given to show the degree of 
reproducibility. The compositions do not necessarily add up to 
100% since the computer which produced the tables truncates when 
printing out values. 

Each table includes the run number, the date on which the 
run was conducted, temperature, pressure and the catalyst mass (bone 
dry). In cases where the catalyst was exposed to acetic acid, the 
effective mass of the catalyst is also given (see Appendix L). The 
details of the syringe pump setting and calculated feed rate are 
listed. The product analysis for each sample, the average product 
analysis and the feed composition are then presented. 

Given the information explained in the above paragraph it 
was possible to calculate conversions and rates. The following 
sample calculation is for Run VII-4 (Table 1.16). The basis is 100 
moles of feed and the symbol A followed by a component refers to 
the moles of that component in the product minus the moles of tne 


component in the feed. The conversion is calculated in the 


following way. 
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x = 2(AET,0)100/ETOH, in 


2(10.41-0.0)100/99.84 = 20.85% (1.1) 


The dehydration rate is now calculated by using equation 2.3. 


rs 3.62x107" (0.9984) (0.2085) /0.5297 


1.42x107* moles/(min g cat.) (1.2) 


This rate is based on the reactor operating at steady state 
and an indication of the ve Tatil oy of the data is a "mass" balance. 
One form of the mass balance is to calculate the moles of ethanol 
from the product composition and conversion and compare this to the 


amount of ethanol in the feed. The calculation is as follows: 


ETOH,e = 2(4ET.0) + ETOH,out 


2(10.41-0.0) + 78.63 = 99.45 moles (1,3) 


The symbol e designates the estimated value. The "excess ethanol" 


is then calculated in the equation given below 


Excess Ethanol = (ETOH,e-ETOH,in)100/ETOH,in 
(99.45-99.84)100/99.84 = 0.39% (1.4) 


Nl 


In the same way the "excess water" is calculated by comparing the 


actual product water composition with the estimated composition 


0,e = (AET,0) + H,0, in 


(10.41-0.0) + 0.15 = 10.56 moles (E25) 
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Therefore the "excess water" is 


Excess Water = (H50 ,out-H,0,e)100/H,0,¢ 


(10.95-10.56)100/10.56 = 3.7% - (1.6) 


Another way to evaluate the consistency of the product 
analysis is to estimate the moles of hydrogen, oxygen and carbon 
in the product (on the basis of 100 moles feed) and compare with 
the number of moles of these elements in the feed. The moles of 
hydrogen, oxygen and water in the feed for Run VII-4 are given 


below. 


Hein = 2(H0,in)+6(ETOH,in)+10(ET,0, in) 


= 2(0.15)+6(99.84)+10(0.0) 
= 599,34 5 (ie7) 


O,in = 1(H,0,in)+1(ETOH, in)+1(ET,0,in) 


il 


1(0.15)+1(99.84)+1(0.0) 
= 99.99 (1.8) - 


C,in = 0(H,0,in)+2(ETOH, in) +4(ETQ0, in) 


= 0+2(99.84)+4(0.0) 
= 199.68 (1.9) 


In an analagous fashion the moles of each of these elements 


in the product can be calculated. 


2(10.95)+6(78.63)+10(10.41) 


H ,out 
597.78 (1.10) 
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O,out = 1(10.95)+1(78.63)+1(10.41) 
=99.99 (1213) 


C,out = 0+2(78.63)+4(10.41) 
= 198.90 ed 29) 


The hydrogen, water and carbon balance in Table I.16 are calculated 


below. 


Hydrogen Balance = (AH)100/H,in 
= (-].56)100/599.34 = 0.26% C113) 


Oxygen Balance = (A0)100/0,in 
= (0.0)100/99.99 = 0.00% (1.14) 


Carbon Balance . = (AC)100/C,in 


| 


(-0.78)100/199.68 = -0.39% (15) 


A number of dehydration runs were less reliable for a 
variety of reasons. These "rejected" runs, although excluded from 
the analysis carried out in Chapter Five, are included in this 
appendix and are listed in Table 1.42 along with an explanation of 
why they were not used. The final dehydration model fit the rate 
data for the 11 rejected runs with a TAD of 14.73%; thus even for 


the less reliable results the model yielded a reasonable prediction 


of the rate. 
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FABLE 1.1 
EXPERIMENTAL RUN Li 
DATE CONDUCTED 10/ 5/76 


RUN ATEMPERATURE= 911060 DEG.C 
RUN PRESSURE= {701.6 MMHG =0,9206 ATM = 93.2 KPA 
GARR YST FRMASS - 045265 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH ~100.00 1/1000 0.8473E-01 0.6702E-01 0.7912 


AVERAGE MOL. WT = 45.95 G/MOLE 
owe FEED RATE. = 0e1458E-02 MOLES/MIN 


PRODUCT ANALYSTS MOLE & 


SAMPLE COMPONENTS 
it H20 ETOH &120 
14 0.94 98.39 0.66 
£5 0.99 98 36 0.63 
16 0.96 98537 0.65 
17 0.95 98.37 0.66 
18 0.94 98.38 0.63 
LQ 1.04 98.27 0.67 
20. 0295 98.41 0.63 
21 Oe Az 98 246 0.61 
a2 0.91 98.45 0.62 
25 0.94 98 6 41 0.63 
24 0.98 98.37 0.63 
25 1.01 93) « 31 0.66 
26 0.96 9855 0.67 
0.96 96.38 0.264% 
FEED Os15 99. 84 0.00 
REAC TION ETHANOL RATE* 10%*5 
CONVER STON MOLES/ 
a (MIN*G CAT. ) 
DEHYDRATION 1329 Sp psy el § 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
—0.16 4 212059. 4 
HYDROGEN OX YGEN CA RBON 


EO etl -0.00 % 0.16 % 
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TABLE I.2 
EXPERIMENTAL RUN 1 rae 4 
DATE CONDUCTEN Le? 57 1S 


RUN TEMPERATURE= 110.50 DEG.C 
RUN PRESSURE- 701.6 MMHG =0.9206 ATM = 93.2 KPA 
BATAREYST MASS = 0¢5265 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
I ETOH SUSUU £71000 OS Z2526E-UL USEOIGE-UT OST 9r 


AVERAGE MOL. WT 
TOTAt “FEED RATE 


45.95 G/MOLE 
0.4349F-03 MOLES/MIN 


uou 


PROUBCT ANALYSIS MOLE % 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
37 2250 95.214 Peo) 
38 2254 94.92 2355 
39 2359 94.95 2244 
40 ae fo he) 94.94 2352 
41 big poe) 94.96 2244 
42 2258 94.91 2049 
43 2264 94.88 246 
44 2359 94.94% 2245 
45 2269 95.04 2231 
46 2.60 94.93 2245 
47 2e6f 94.94 2.38 
48 2661 94-92 2245 
Zeon 94.96 2244 
FEED O15 99. 8&4 0.00 
REAC TION ETHANOL RATE*10**5 
CONVERSION MOLES/ 
% (MIN*G CAT. ) 
DEHYDRATION 4.89 42936 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
0.00 4 0.04 % 
HYDROGEN OX YGEN CARBON 


0.00 % -0.00 % Date 
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TABLE 1.3 
EXPFRIMENTAL RUN Iti= 3 
DATE CONDUCTED 1O/ 5/76 


RUN. TEMPERATURE= 110.0 DEG.C 


RUN PRESSURE- 701.6 MMHG =0.9206 ATM = 93.2 KPA 
EMPSEYSE MASS. = Oe5265-6 


SYKINGE- FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 50.00 1/1000 0.4225E-0) 0.3342E-0) 0.791 


AVERAGE MOL. WT = 45.95 G/MOLE 
TOTAL FEED RATE»=_0.7273E-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE 2 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
59 1.82 96473 1.43 
60 12.84 96./1 1.44 
61 1.80 96.82 1.36 
62 1.80 96.10 1.49 
63 YeSS 964.56 1.47 
64 1.80 6se 1.47 
65 be 7 96.72 £.<50 
66 Sige oes 3 96266 Pest 
Le d't 96/2 1.46 
FEED Oe kD 99. 84 0.00 
REAC TION ETHANOL RATE* 10 %*5 
CONVERSION MOLES/ 
a (MIN*G CAT. ) 
DEHYDRATION Zed 4.048 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
-O'ST9O 124.4195 % 
HYDROGEN OX YGEN CA RBON 


-0.13 % -0.00 % ~0.19 *4 
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TABLE 1.4 
EXPERIMENTAL RUN Ltr 4 
DATE CONDUCTED PG) G7 16 


RUN TEMPERATURE= 170s0. DEGsE 
RUN PRESSURE= 70945 MMHG =0.9310 ATM = 9443 KPA 
GATALYS! MASS. = 025265 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH F2800 EV LOOG OUSSStGE—-U2 USTOIIE-O~ GaTIe 


AVERAGE MOL. WT = 45295 G/MOLE 
TOTAL FEED RATE *=_O81717E-03- MOLES/ MIN 


PRODUCT ANALYSTS MOLE % 


SAMPLE COMPONENTS 
# H20 ETOH ET2Z0 
54 SoS 89.94 4.91 
55 5205 62k 4.72 
56 He b5 89.81 5.02 
5 5202 90.18 4.1/9 
58 56 VS 89 492 4.88 
ag Ss09 Meee 4.68 
60 S« BS 89.94 4,87 
Sab2 90303 4.84 
BREED Oaks 99.84 0.00 
REAC TION ETHANOL RATES1LOe* 
CONVERSION MOLES/ 
% (MIN*G CAT.) 
DEHYDRATION 9.69 Sel5s 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
“O12 2 255 % 
HYDROGEN OXYGEN CARBON 


-0.08 4% -0.00 2 -0.12 4 
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FABLE 1.5 
EXPERIMENTAL RUN Va 
DATE CONDUCTED 10/ 6/76 


RUN; TEMPERA TURE— 135:.0, DEG. GC 


RUN PRESSURE- 709.5 MMHG =0.9310 ATM = 94.3 KPA 
CATALYST MASS = 0.5265 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
l ETOH 90.00 1/1000 0.7624E-01 0.6030E-01 0.791 


AVERAGE MOL. WT 
Worraéh FEED) RATE 


45.95 G/MOLE 
O0.-1312E-02 MOLES/MIN 


wow 


PRODUCT ANALYSIS MOLE @ 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
82 4,07 92. )1 3.74 
83 a Ok 92.41 3.61 
84 4.07 92.22 3269 
85 ¥.39 92;. Gl 3649 
86 4.07 26 tid 2/0 
4.01 92.33 3.265 
FEED 0. b5 99. &4 0.00 
REAC TION ETHANOL RATE* LO**4 
CONVER STON MOLES/ 
2 (MIN*G CAT. ) 
DEHYDRATION fast 1.819 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
HYDROGEN OX YGEN CA RBON 
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TABLE 1.6 
EXPERIMENTAL RUN v= 2 
DATE CONDUCTED LO/ 6/16 


RUN TEMPERATURE= 135.0 MEG.C 


RUN PRESSURE- 709.5 MMHG =0.9310 ATM = 94.3 KPA 
CALALYST. MASS - 0.5265 G 


SYRINGE ‘FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 40.00 171000 0.3376E=O01 Os 2670E=01 O6791 


AVERAGE MOL. WT 
TOTAL FEED RATE 


45.95 G/MOLE 
0.5811E-03 MOLES/MIN 


now 


PRODUCT ANALYSTS MOLE 2 


SAMPLE COMPONENTS 
# H20 &T OH ET20 
1 6.96 86.29 6.13 
2 7645 $5428 4@25 
3 ie 86.03 6 6 84 
4 740 85455 1%25 
5 vi ee) 86200 6.85 
6 4%5°6 85409 1.34 
7 Ne 2S 85.70 7.05 
7226 85.68 1.04 
FEED OTS 99.84 0.00 
REAC TION ETHANOL RATE*1LO**4 
CONVERSION MOEES7 
4 (MIN*G CAT.) 
DEHYDRATION 14.11 F595 
BALANCES 
EXGESS 3 HANOL EXCESS WATER 
HYDROGEN OXY GEN CARBON 
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TABLE I.7 
EXPERIMENTAL RUN iv= 3 


DATE CONDUCTED IOs F406 


RUN TEMPERATURE- 135.0 DEG.C 
RUN PRESSURE 69965 MMHG 20.9178 ATM = 9360 KPA 
GCALALYST MASS =~ 065265 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 60.00 1/1000 0.5075E-O1 0.4014E-01 0.791 


AVERAGE MOL. WT = 45.95 G/MOLE 
TOTAL FEED RATE.= 0.8 7/35E-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE 2 


SAMPLE COMPONENTS 
# H20 ETOH ETZO 
rs 5.34 89.54 Se bl 
14 5246 89.627 e25 
15 5.34 &9 aS} Seis 
16 5 @ SI BI eZ 5 ¢ 35 
ag 5224 89.73 5.01 
18 5 ge @, 89.27 Dece 
19 Ss56 S9e6l 5-02 
20 &.. 58 89.21 bic 
21 S232 89.56 5212 
Ze 5247 S96 34 Dek 
5-40 89.41 5 ehh 
PEED O.15 99.84 0.00 
REAC TION ETHANOL RATE*1LO«%*4 
CONVERSION MOLES/ 
4 (MIN*G CAT.) 
DEHYDRATION 10.36 etl 6 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
HYDROGEN OXYGEN CARBON 


-0.05 % -0. GO % -0.08 % 
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TABLE 1.8 
EXPERIMENTAL RUN IV- 4 
DATE CONDUCTED 10/ 7/76 


RUN TEMPERATURE- 135.0 DEG.C 


RUN PRESSURE= 699.1 MMHG =0.9b@3 ATM = 92.9 KPA 
CATALYST MASS - 0.5265 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 80.00 1/1000 0.2526E-01 O0.2998E-01 0.791 


AVERAGE MOL. WT = 45.95 G/MOLE 
TOTAL FEED RATE = 0.4349F-03 MOLES/MIN 


PRODUCT ANALYSTS MOLE @ 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
40 8.88 82. aa 8-40 
4] 8.64 82.83 8.51 
42 9.10 82.15 8.14 
43 8.67 82. £0 8.62 
&& 2.24.0 82.05 8.84 
8.88 82249 8.62 
Freep 0.15 99. 8&4 0.00 
REACTION ETHANOL RATE* 10%*4 
CONVERSION MOLES/ 
4 (MIN*G CAT. ) 
DEHYDRATION L7ve27 1.424 
BALANCES 
EXCESS GETHANOL EXCESS WATER 
-0.10 % 1a Z20 % 
HYDROGEN OX YGEN CA RBON 


30.007 ¢% -0.00 % 0.10 4 
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FABLE §.9 


EXPERIMENTAL RUN 
DATE CONDUCTED 


Rut? TEMPERATURE= 135.0 DEG.C 


RUN PRESSURE- 


693.3 MMHG =0.9097 ATM 


CALAEYSE MASS’ — 0.5265 G 


SYRINGE FEED 

# 

1 ETOH 
AVERAGE MOL. WT 
TOTAL FEED RATE 


iow 


RATE RANGE 


IVe 5 
10/13/76 


ML/MIN 


45.295 G/MOLE 
0.5811E-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE @ 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
59 6.60 86499 6.239 
60 6279 86.14 6245 
61 6222 87.87 5.90 
62 6.72 86. 81 6246 
63 6.50 87.228 6-20 
64 6. 68 86. &4 646 
659 87,09 6.31 
FEED OsTs 99. 84 0.00 
REAC TION ETHANOL RATE* 10 %*4 
CONVERSION MOLES/ 
» 5 (MIN*G CAT. ) 
DEHYDRATION 12.65 1.394 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
*OGE 2 % 1.89 % 
HYDROGEN OX YGEN 
-0.08 4 -0.00 @ 


~G/MIN 


92-1 KPA 


40.00 1/1000 0.3376E-01 0.2670E-01 


CARBON 
0.12 % 


DENSITY 
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TABLE I.10 
EXPERIMENTAL RUN v= 5 


DATE CONDUCTEN 10/12/76 


RUN TEMPERATURE- 120.0 DEG.C 


RUN PRESSURE- 70669 MMHG =0.9276 ATM = 93.9 KPA 
CATALYST MASS =~ 02.5265 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
J ETOH 30600 B/TOOO O.2526E-O1 OeERIIGE-—OL atl 


AVERAGE MQL. WT 
POT AL FEED RATE 


45.95 G/MOLE 
0.4349F-03 MOLES/MIN 


bon 


PRODUCT ANALYSIS MOLE 2 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
ak 4.16 91.69 4.13 
22 4.29 Die IZ 4.17 
23 4.22 STs f1 4.05 
25 4.30 D5 4e11 
26 4434 Wak 4.43 
aT. 4.28 91.56 4.215 
28 4242 GP aesZ 4.225 
Z9 4.26 Sree 3294 
30 4.30 el or 4.06 
4.29 SP 856 4.14 
FEED 0.15 99.84 0.00 
REAC TION ETHANOL RATE*10%*5 
CONVERSION MOLES/ 
% (MIN*G CAT.) 
DEHYDRATION 8.30 6.851 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
0.00 4 “05 13) % 
HYDROGEN OXYGEN CARBON 


0.00 4 -0.00 4% 0.00 4 
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TASLE 1,412 


EXPERIMENTAL RUN 
DATE CONDUCTED 


RUN TEMPERATURE= 220.0 DEG.C 


RUN PRESSURE= 


CATOEYST MASS ~— 0.5265 G 


SYRINGE FEED 

# 

1 ETOH 
AVERAGE MOL. WT = 
TOTAL FEED RATE..= 


RATE RANGE 


Ve 52 
10/13/76 


693.3 MMHG =0.9097 A 


ML/MIN 


45.95 G/MOLE 


PRODUCT ANALYSTS MOLE @ 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
40 2289 94.38 2674 
41 2.90 94.45 2-63 
42 5<00 94.19 268 
43 5408 94.13 2-85 
G4 3202 94.08 2689 
45 3.00 94.23 2-16 
46 3.205 94.14 2.80 
2298 94.23 250% 
FEED 0215 99. 8&4 0.00 
REACTION ETHANOL RATE* 10 *% 
CONVERSION MOLES/ 
% {(MIN*G CAT. ) 
DEHYDRATION 5256 66902 
BALANCES 
EXCESS “ETHANOL EXCESS WATER 
—0.05 % 13 99R2 
HYDROGEN OX YGEN 
-0.03 % -0.00 % 


0.6542F~-03 MOLES/MIN 


G/MIN 


926k KPA 


45.00 1/1000 0.3801E-01 0.3006E-01 


CARBON 
-0.05 4 


DENSITY 
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FASEG TetZ 
EXPERIMENTAL RUN Vit 5 
DATE CONDUCTED LO/ 25/16 


RUN TEMPERATURE= 135.0 NEG.E 


RUN PRESSURE- 702.4 MMHG =0.9217 ATM = 93.3 KPA 
GATREYSE MASS = 065330 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 2500 171000 OsZtG2Z2E=-01 O81662ZE=01 OsTSl 


AVERAGE MOL. WT = 45.295 G/MOLE 
TOTAL FEED RATE-= 0.3618E-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE % 


SAMPLE COMPONENTS 

# H20 ETOH ET20 
25 9.95 80.10 9.494 
26 10642 9a 59 10.17 
27 10.06 $9495 9.9F 
28 10.39 96 h2 9.88 
29 10,21 TF s60 10.11 
30 10.56 19 632 10.£2 
31 LOe BI 13489 9499 
32 1045 # 19.424 10.17 
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FEED NOW Cone 0.00 
REACTION ETHANOL RATE% LO*#4 
CONVER STON MOLES/ 
x (MIN¥G CAT.) 
DEHYDRATION 20.12 18363 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
-0.08 z 0.86 vs 
HYDROGEN aX YGEN CARBON 


-0.05 4 -0.00 % —-0.08 % 
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TABLE I.13 


EXPERIMENTAL RUN Vito 2 
DATE CONDUCTED 10/27/76 


RUN TEMPERATURE- 135.0 DEG.C 
RUN PRESSURE- 694.5 MMHG =0.9113 ATM = 92.3 KPA 
CATALYST - MASS = 0.5297 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 25.200 1/1000 0.2102E=-01 O.0662E=0) OO. 791 


AVERAGE MOL. WT = 45.95 G/MOLE 
TOTAL FEED RATE. = 0.3618E-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE 2% 


SAMPLE COMPONENTS 

# H20 ETOH ET20 
15 10,56 79.02 10.40 
16 10.90 185172 10.3% 
17 10.33 19.54 10.11 
18 10.94 18. 8&4 10.24 
19 10.85 #2620 10.43 
20 10.83 78.99 10.26 
21 10.52 18 282 10.65 
23 10.53 Toews 10.34 
24 10.98 18 645 10.55 


FEED 0.15 99.84 0.00 
REAC TION ETHANOL RATE*1LO**4 

CONVERSION MOLES/ 

% (MIN*G CAT.) 
DEHYDRATION 20.77 1.416 
BALANGES . 
EXCESS ETHANOL EXCESS WATER 
HYDROGEN OXY GEN CARBON 


-0.09 % -0. 00 % -0.13 % 
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TRUGE Ich 
EXPERIMENTAL RUN yil- 2 
DATE CONDUCTED 10/27/76 


RUN TEMPERATURE= 135.60 DEGSG 


RUN PRESSURE- 694.5 MMHG =0.9113 ATM = 92.3 KPA 
CATALYST MASS = 0.5297 G 


SYRINGE FEED RATE RANGE ML/MIN GAMEN ODENSE TY 
# G/ML 
2 ETOH PSs00' E/EOOO’ WekF252E=Cr Osego0re-C2 Cergyl 


AVERAGE MOL. WT 
for A> FEED RATE 


45.95 G/MOLE 
CezrsSe-0S MOLES? PIN 


tou 


PRODUCT ANALYSTS MOLE 2% 


SAMPISE COMPONENTS 
# H20 ETOH ErZo 
66 14.95 170.34 14.70 
67 14.19 Wiect 14.58 
68 14.92 TOSS 5 14.73 
69 14.03 71.61 14.35 
70 15.04 70.49 14.45 
71 14.36 11.24 14.38 
te 14.98 10047 14.54 
t3 14546 ig Peas 14,32 
14 14.92 10225 14.82 


PEED Onl 99. & 0. 00 
REAC TION ETHANOL RATE* LO *%*4 

CONVERSION MOLES/ 

* (MIN*G CAT. ) 
DEHYDRATION 29F oS Lees 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
0.04 % -0.30 4 
HYDROGEN OX YGEN CARBON 


OLOz 54 -0.00 % 0.04 % 
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TABLE I.15 


EXPERIMENTAL RUN Vile oe 
DATE CONDUCTEN EV RL AG 


RUM: TEMPERATURE; 135.0 DEG.C 
RUN PRESSURE- T7036 MMHG =0.9232 ATM = 93.5 KPA 
CATALYS? MASS” - 0.5297'6 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENS :ETY 
# G/ML 
1 ETOH 49.00; 1/1000 0.33¢766-01 O22670E-01 O.794 


AVERAGE MOL. WT 
FOAL EESO RATE 


45.295 G/MOLE 
0.56: bb -08° MOEESY MIN 


one 


PRODUCT ANALYSIS MOLE 2 


SAMPLE COMPONENTS 
# H20 ETCH ET20 
13 7254 85.16 Ve2o 
14 ro es EY) 7.48 
15 i.,59 85 425 7.20 
16 Be lZG 84. &6 Heat 
T >» 64 85.01 7.233 
FEED 0.15 99. 8&4 0.00 
REAC TION ETHANOL RATE* 1LO**4 
CONVER STON MOLES/ 
% (MIN*G CAT. ) 
DEHYDRATION 14. /0 1.610 
BALANCES 
EXG/ESS AE THAN OL EXCESS WATER 
-0.15 % 2204 % 
HY DROGEN NX YGEN CARBON 


-0.10 4% -0.00 4 Ol & 
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TABLE I.16 


EXPERIMENTAL RUN VII- 4 
DATE CONDUCTED DL/ 1 Es 16 


RUN TEMPERATURE- 135.0 NEG.C 


RUN PRESSURE=- 709.8 MMHG =0.9314 ATM = 94.3 KPA 
CATALYST MASS - 0.5297 G . 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 25¢00 1/1000 O«2ZTOZE-O1 Osl662E-01 Oar! 


AVERAGE MOL. WT = 45295 G/MOLE 
TOTAL FEED RATE = 0.3618EF-03 MOLES/MIN 


PRODUCT ANALYSTS MOLE 4 


SAMPLE COMPONENTS 

# H20 ETOH ET20 
26 FO..99 78 640 10039 
27 11.03 18454 10.41 
28 10.83 78 284 10.32 
ao 11.14 18442 10.43 
390 80699 78.72 10 +26 
BE 10.97 18.70 10.32 
22 10.80 18 288 10.30 
33 11,00 $8.56 10.43 
34 10.82 toes 10.60 
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FEED 0.15 99.84 0.00 
REAC TION ETHANOL RATEXLOR*4 
CONVERSION MOLES/ 
% (MIN*G CAT.) 
DEHYDRATION 20285 eu 2 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
=0 939 6% 2 726% 
HYDROGEN OXYGEN CARBON 
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TABLE [.17 
EXPERIMENTAL RUN Vilt= 2 
DATE CONDUCTED 117 2/76 


RUN TEMPERATURE- 135.0 NEG.C 
RUN PRESSURE- 713.3 MMHG =0.9360 ATM = 94.8 KPA 
CaP ALYSt MASS = 0.5297 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# ; G/ML 
4 XXX] 25.00 171000 0.2202E-01 O.€7E7E-02 0.817 


AVERAGE MOL. WT = 39.54 G/MOLE 
TOTAL FEED RATE = 0.4342F-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE 2 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
23 Ctect 67.16 5.0 38 
24 2892 65254 5 258 
25 20-45 66.72 55% 
26 238.91 65449 5258 
eal 21-458 66.90 541 
28 29.03 6536 5.59 
25 27284 66. 84 Die SL 
30 29..88 65225 5.05 
26.959 66216 5047 
FEED 23.05 16.294 0.00 
REAC TION ETHANOL RATE*1LOQ**5 
CONVERSION MOLES/ 
% (MIN*G CAT.) 
DEHYDRATION 14.23 8-982 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
0.22 4% -0.60 2 
HYDROGEN OXYGEN CARBON 
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TABLE 1.18 
EXPERIMENTAL RUN Viti=22 
DATE CONDUCTED Li7y 2/716 


RUN TEMPERATURE= 135.0 NEG.C 


RUN PRESSURE- 712.5 MMHG =0.9350 ATM = 94.7 KPA 
CATALYST MASS = 0.5297 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 


# G/ML 
1 XXX I £LO.00 1/1000 O.827%E-02 0.6762E-02 0.817 


AVERAGE MOL. WT 
Tor e.. FEED RATE 


39.54 G/MOLE 
O.1710F-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE 2 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
64 23.170 55250 10.78 
66 38.26 B96 29 10. 7¢4 
68 33258 55 86 10.55 
70 33.68 55.98 10.39 


7 es re ow ao ee Se oe oe == aw oe one ome 


FEED 23.05 16694 0.00 
REAC TION ETHANOL RATE*10%%5 

CONVERSION MOLES/ 

4 (MIN*G CAT.) 
DEHYDRATION 27.60 62856 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
0.16 % -0.37 2 
HYDROGEN OXY GEN CARBON 


0.10 % -0. 00 yA Osls % 
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TAGLE F.39 
EXPERIMENTAL RUN VII] 3 
DATE CONDUCTED ll/ 3/176 


RUN TEMPERATURE= 135.0 NEG.C 
RUN PRESSURE= 706.5 MMHG =0.9271 ATM = 93.9 KPA 
bAIALYST MASS = 045297 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN OENSITY 
# G/ML 
! XXXI 40.00 1/1000 0.3376E-O01 O.2758E=-01 OcSi7 


AVERAGE MOL. WT 
TO) ALY FEED RATE 


39254 G/MOLE 
0.6975F-03 MOLES/MIN 


—_ 
a 


PRODUCT ANALYSIS MOLE 2 


SAMPLE COMPONENTS 

# H20 ETOH ET20 

ll 26014 70.229 3655 

Ee 2649 69.39 3.68 

Ls 264.10 70.18 3¢F? 

14 27.08 69825 3.66 

LS 26.218 70.206 3675 

16 24228 68 » 80 3.90 

17 26537 69.93 3.69 

18 2H 654 68.67 CFD be, 

19 2Oe oe 70.00 3-67 

20 27825 68 - 96 3.78 

26.4 12 69655 Bett 
FEED 25205 76294 0.00 
REAC TION ETHANOL RATE*1LO**5 
CONVERSION MOLES/ 
% (MIN*G CAT.) 
DEHYDRATION 9.66 9.788 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
0.05 4 -0.15 % 
HYDROGEN OXY GEN CARBON 
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TABLE 1620 
EXPERIMENTAL RUN RSE 


DATE CONDUCTED ll/ 4/76 


RUN TEMPERATURE= 120.0 NEG.C 
RUN PRESSURE 700.1 MMHG =0.9186 ATM = 93.0 KPA 
CATALYST MASS = 065297 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 XXXI 30600 1/1000 0462526E=01 O.20646E=01 Os317 


AVERAGE MOL. WT = 39254 G/MOLE 
TOTAL FEED RATE = 0.5220E~-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE 2 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
23 24646 7364 1.89 
24 25240 Foe 62 Lest 
aa 24258 43055 1.85 
26 Zo RalD $2882 Ea9S 
fed | 24047 13663 Le«s89 
28 25624 42635 E«89 
29 24208 Eo si id | 2.00 
a0 25620 IZeSs £85 
24.83 T3626 PsIO 
FEED 23605 16694 0.00 
REAC TION ETHANOL RAT E*10** 
CONVERSION MOLES/ 
% (MIN*G CAT.) 
DEHYDRATION 4.2.93 3.745 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
HYDROGEN OXY GEN CARBON 


0.08 % -0.00 % 0.14 @ 
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TABLE 1.21 
EXPERIMENTAL RUN N= | 
DATE CONDUCTED 11/10/76 


RUN TEMPERATURE— 1hO.0 DEG. C 
RUN PRESSURE- 713.0 MMHG =0.9356 ATM = 94.8 KPA 
CATALYST MASS - 0.5297 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
z XXX I 10.00 1/1000 O.8277E-O2 O.6762E-02 O.8bT 


AVERAGE MOL. WT 
TOE AL. FEED RATE 


39.54 G/MOLE 
0.1 710F-03 MOLES/MIN 


(ho oft 


PRODUCT ANALYSIS MOLE 4 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
33 24.67 43459 le €3 
34 25-48 $2.67 1.74 
35 24.6 65 %3.59 1. 
36 252 78 12246 1.74 
3T 24644 43.26 1.80 
38 25.30 43.95 1.74 
25205 bh. 28 3.5 
FEED 25.05 16294 0.00 
REAC TION ETHANOL RATE*1LO**5 
CONVERSION MOLES/ 
a (MIN*G CAT.) 
DEHYDRATION 4255 Le led 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
=0532 4 1.02 % 
HYDROGEN OXYGEN CARBON 


-O.19 4 -0.00 4 -O432) % 
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TABLE [.22 
EXPERIMENTAL RUN KAS Oe 
DATE CONDUCTED 11/15/76 


RUN TEMPERATURE- 135.0 NEG.C 
RUN PRESSURE- 701.0 MMHG =0.9198 ATM = 93.2 KPA 
CATALYST MASS - 0.5297 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 XXXII 25.00 171000 0.2202E—-01 O.D6GPOE=0d 059766 


AVERAGE MOL. WT 
THOT AL. FEED: RATE 


51.96 G/MGLE 
0.-3098E-03 MOLES/MIN 


oil 


PRODUCT ANALYSIS MOLE @ 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
is 8.97 59.78 31.24 
14 9.53 59448 30.98 
15 9.36 69.55 31. 08 
16 9.460 59.19 Silvie 
i7 9.96 58.87 3176 
18 9.63 D655 32.08 


FEED Oett 18 245 21.43 
REAC TION ETHANOL RAT E*LO%* 
CONVERSTON MOLES/ 
% (MIN*G CAT.) 

DEHYDRAT ION 24.93 1.143 
BALANCES 

EXCESS ETHANOL EXCESS WATER 

0.61 4 -4./19 % 
HYDROGEN OXY GEN CARBON 


0.28 yA -0. 00 b A 0.39 % 
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TABLE [.23 


EXPERIMENTAL RUN 
DATE CONDUCTED 


RUN TEMPERATURE- 
RUN PRESSURE 


SYRINGE FEED 

# 

1 ETOH 
AVERAGE MOL. WT 
RAOTEALACEE EDULRA TE 


"oil 


135.0 DEG.C 


Kl 7? 


12/ 3/76 


709.7 MMHG =0.9313 ATM 
CATALYST MASS — 0.2040 G 


RATE RANGE 


ML/MIN 


45.295 G/MOLE 
0-2155F-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE 2 


SAMPLE COMPONENTS 
# H20 Bion ET2Z0 
8 8.16 84.21 1662 
9 7251 84-83 7265 
10 8.06 84246 7246 
11 te35 S532 he 32 
¥2 8.04 84.56 1.38 
13 Fe55 84.78 1.66 
14 8.08 84.44 7.47 
15 Fatt B4e77 Fedl 
16 8.10 84.35 1254 
71284 84263 7251 
FEED OelS 99. &4 0.00 
REACTION ETHANOL RATE* L0%**4 
CONVERSION MOLES/ 
% (MIN*G CAT. ) 
DEHYDRATION 15.05 1.588 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
-~O.17 & Dat D7 
HYDROGEN OX YGEN 
-O.11 3% -0.00 4 


G/MIN 


94.3 KPA 


T5.00 1/1000 0.02526 -01°0.9907E -07 


CARBON 
my Oa at he 4 


DENSI TY 
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TABLE 1.24 
EXPERIMENTAL RUN XIte2a 
DATE CONDUCTED 12/19/76 
RUN TEMPERATURE= 135.0 DEG,C 
RUN PRESSURE- 702.8 MMHG =0.9222 ATM = 93.4 KPA 
CATALYST MASS - 0.2040 G ¢eDEACTIVATION RATIO=0.932 
EFFECTIVE MASS = 00,1902 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
#t G/ML 
i ETOH 15.00 1/1000 O0,1252E-01 0.9908E-G2 0.791 


AVERAGE MOL. WT 
TOT A FEED RATE 


45.95 G/MGLE 
0,.2255E=03 MOLES/MIN 


PRODUCT ANALYSIS MOLE &% 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
13 7-07 85.90 1.02 
14 if. Da 85. a1 «2h 
15 7206 85.98 6.94 
16 7243 85.59 6.9% 
By | Kp» tk? 85.97 6.89 
18 7243 85.34 £1.22 
Lg 7042 85249 1.03 
20 f.ab 35.29 1.14 
oe T1224 85.80 6.94 
22 ft» SY 85.32 1,09 
i235 85.59 7.05 
PEED 0-15 99.84 0.00 
REAC TION ETHANOL RATE*1LO**4 
CONVERSION MOLES/ 
% (MIN«*G CAT.) 
DEHYDRATION 14.13 Le b98 
BALANCES 
EXCESS=ETHANOL EXCESS WATER 
HYDROGEN OXYGEN CARBON 


-0.09 % —O. 00 % -0.14 % 
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TABLE I.25 


EXPERIMENTAL RUN Ail=— 6 
DATE CONDUCTED 12/13/76 
RUN TEMPERATURE- 135.0 NEG.C 
RUN PRESSURE= 694.4 MMHG 20,9181 ATM = 9283 KPA 
CATALYST MASS = 0.2040 G »DEACTIVATION RAT IO=0.932 
EFFECTIVE MASS = 0461902 G 
SYRINGE. FEED RATE RANGE ML/MIN G7MIN DENSITY 
# G/ML 
1 ETOH 30.00 1/1000 0.2526E=-01 0.1998E=-01 0.791 


AVERAGE MOL. WT 
TOTRE FEED RATE 


45.95 G/MOLE 
0.4349F-03 MOLES/MIN 


PRODUCT ANALYSTS MOLE % 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
3 Avia | Sbs79 4.02 
4 4.604 91.84 4. 00 
5 G.b3 | 99.698 3,89 
6 £528 DRS 3.93 
7 2329 91.«65 4.04 
8 2.35: 961 4,03 
9 4.26 F9hv6i 4.13 
10 ret Ma fs 4.07 
il 2.49 9959 3.95 
ie 4235 91759 4.05 
13 25th 93793 3.89 
14 Wee “JPaTs 3.94 
G24 SO ReTs 4.00 
FEED 0.15 99.84 0.00 
REAC TION ETHANOL RATE* LO#*4 
CONVERSION MOLES/ 
% (MIN*G CAT.) 
DEHYDRATION 8.01 1.829 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
~0.09 % Poles 
HYDROGEN NX YGEN CARBON 
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TABLE I.26 
EXPERIMENTAL RUN Poh yl eet, 
DATE CONDUCTED P2y 37 16 
ROM FEMPERMIURE— T35s0 DEG SG 
RUN PRESSURE- 697.01 MMHG =0.9147 ATM = 92.6 KPA 
CArARY ST MASS = 02040! G yDEACTIVATION RATIO=0.932 
SrPreereve MASS — OL9gI02 GC 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH €e50 I/ P0000 Ow6T53E-02 O84867TE-02 O8797 


AVERAGE MOL. WT 
Tia MPey RATE 


45.295 G/MOLE 
0.1059E-03 MOLES/MIN 


mou 


PRODUCT ANALY STS MOLE 2% 


SAMPIOE COMPONENTS 

# H20 ror R23 
1 ge: 11.58 16.47 11.94 
FS raecar Pees2 12.40 
on 12.42 bien fee: 12.34 
Fae: Lrsos Teer Laees 
24 12.86 To s04 IZgeie 
(sa, Lo cs Tore ft laa 
26 12. 60 ies 11.88 
as | L2#22 TIe86 1 e909 
28 12.40 156 8 ie 


FEED O. 15 99. 8&4 0. 00 
REAC TION ETHANOL RATE* L0**4 

CONVERSION MOLES/ 

% (MIN*G CAT. ) 
DEHYDRATION 24-220 1.345 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
HYDROGEN OX YGEN CARBON 
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TABLE 1.27 
EXPERIMENTAL RUN Xii= 5 
DATE CONDUCTED 12/18776 
RUN TEMPERATURE- 135.0 NEG.C 
RUN PRESSURE- 697.1 MMHG =0.9147 ATM = 92.6 KPA 
CATALYST MASS ~- 0.2040 G gDEACTIVATION RATIO=0.932 
EFFECTIVE MASS = 0.1902 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# j G/ML 
1 ETOH 22-50 1/1000 0.1889E-0O1 0.1494E-01 0.791 


AVERAGE MOL. WT = 45.295 G/MOLE 
TOTAL FEED RATE = 0.3252F-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE % 


SAMPLE COMPONENTS 

# H20 ETOH ET20 

33 o.28 89. 89 4.83 

34 5.27 89.85 4.86 

35 7, 2S 89.80 4.99 

36 5.40 89.51 5.07 

37 Sets 89. 8 4.94 

38 5246 89.47 5.05 

39 5e 2D 89.90 4.88 

40 5.243 89.57 4.99 

5.30 89.38 4.295 
reeED 0.15 99.84 0.00 
REAC TION ETHANOL RATE*1LO**4 
CONVERSION MOLES/ 
% (MIN*G CAT.) 
DEHYDRATION 9.92 1.694 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
-0.19 4 3.80 4 
HYDROGEN NXY GEN CARBON 
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TABLE 1[.28 


EXPERIMENTAL RUN XITI= 6 
DATE CONDUCTED L2/20/ 76 
RUN TEMPERATURE- 135.0 NEG.C 
RUN PRESSURE=~ 699.0 MMHG =0.9172 ATM = 92.9 KPA 
CAVALYST MASS =~ 052040 G ,DEACTIVATION RAT IO=0.932 
EFFECTIVE MASS = 0.1902 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
l ETOH E5300 1/1000 Os 1Z25Z2E=01 0.9907E-02 0,791 


45.95 G/MOLE 
0.2155F-03 MOLES/MIN 


AVERAGF MOL. WT 
TOTAL FEED RATE 


io 


PRODUCT ANALYSIS MOLE 4 


SAMPLE COMPONENTS 
#t H20 ETOH ET20 
tj 7214 85291 6293 
8 te22 8521/2 7.05 
9 Fel2 86214 6.1/2 
10 Hell 85-4 86 7.02 
Lt Felt 86.202 6.85 
EZ 7250 85.18 Hedt 
7220 Soret 6.98 
REED 0.15 99. & 0.00 
REAC TION ETHANOL RATE* 10% 
CONVERSION MOLES/ 
% (MIN*G CAT. ) 
DEHYDRATION L399 1.583 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
-0.06 % 0.91 4 
HYDROGEN OX YGEN CARBON 


“ORO4ES -0.00 2% 0.06 4 
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TABLE 1.29 
EXPERIMENTAL RUN Xiis @ 
BATE CONDUCTEN 12/22/76 
RUN TEMPERATURE= 135.0 PEG.C 
RUN PRESSURE= 697.9 MMHG =0,9157 ATM = 92,7 KPA 
CATALYST MASS = 0.2040 G eDEACTIVATION RATIO=0.840 
EFFECTIVE MASS = 00,1714 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 15.00 1/1000 0,1252E-01 0,9907E-02 0.791 
AVERAGE MOL. WT = 45295 G/MOLE 
foo FL FEED RATE = 0.2155E-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE 2 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
4 Tote 86.17 6-63 
8 7243 85,84 6271 
10 7-33 86.07 6.59 
ia 6.88 86.69 6242 
13 62.94 86262 6242 
15 6294 86.41 6.63 
16 7° ld 86,20 6266 
IS 86629 6.258 
FEED 0.15 99. 84 0.00 
REAC TION ETHANOL RATE* 1L0%**4 
CONVERSTON MOLES/ 
Z (MIN*G CAT. ) 
DEHYDRATION 13.18 1.656 
BALANCES 
EXEESS ETHAN OL EXCESS WATER 
0.3842 5% (i246 
HYDROGEN OX YGEN CARBON 


-0.25 4 -0.00 4 0.38 4% 
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TABLE 1.30 
EXPERIMENTAL RUN 2 1 Coe 
DATE CONDUCTED 12/24/76 
RUN TEMPERATURE= 135.0 DEG.C 
RUN PRESSURE- 698.9 MMHG =0.9171 ATM = 92.9 KPA 
CATALYST MASS - 0.2040 G DEACTIVATION RATIO=0.767 
PrrecTIvVE MASS — 0.1565 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 15000 LAPO0O OF 1ZSZ2E-0F VsSV0re=0g VUsisl 


AVERAGE MOL. WT = 45.95 G/MOLE 
TOT AL FEED RATE = 0.2155E-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE 4% 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
ll 6.68 Slel9 GekZ 
12 7-10 68.19 6.09 
BS 6.70 Siet5 6214 
14 heh2 85.65 6e21 
15 6.22 8#23S 6 08 
16 6.89 86296 613 
4 6.37 hie B2 Seh9 
18 6.70 87.31 5.99 
6.16 87.16 6-07 
FEED 0.15 99.84 0.00 
REAC TION ETHANOL RATE*1LO*«*4 
CONVERSION MOLES/ 
% (MIN*G CAT.) 
DEHYDRATION 2,26 1.672 
BALANCES 
EXCESS ERRANOL EXCESS WATER 
HYDROGEN OXY GEN CARBON 


-0.35 % -0.00 % -0.53 4% 
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TABLE 1.3 
EXPERIMENTAL RUN XEN § 
DATE CONDUCTED 12/ 9/76 
Roe VEMPERRTURE= 200 DEGuG 
RUN PRESSURE= T0085 MMHG =0..91192 ATM’ = 93261 KPA 
CATALYST MASS — 02040 G sDEACTIVATION RATIO=0.932 
SRFEGCIIME MASS ~ G..1902 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH L5nO) USTOOR OWVZSZE-O O.99D7E-O2 Oh 7/97i 


AVERAGE MOL. WT 
TOTAL FEED RATE 


45.295 G/MOLE 
02. 21555-0323! MGWES/ MIN 


ou 


PRODUCT ANALYSIS MOLE @ 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
33 4.01 O26 VS 3278 
34 4.05 92.214 FalD 
35 3296 We2s Zia [9 
36 4.01 92e18 Sf 9 
D0 4.00 92.226 Deis 
38 3 #90 G2e35 3.74 
FHI BW e22Z Dior HF 
FEED 0.15 99. 84 0.00 
REAC TION ETHANOL RATE* 1025 
CONVERSION MOLES/ 
vA (MIN*G CAT. ) 
DEHYDRATION 1256 8.555 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
0.06 4% 1.68 4 
HYDROGEN OX YGEN CARBON 
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TABLE 1¢352 
EXPERIMENTAL RUN AM ITS 2 
DATE CONDUCTED 12/107 16 
RUN TEMPERATURE= 120.0 DEG«C 
RUN PRESSURE= 693.2 MMHG =0.9096 ATM = 92.1 KPA 
GATALYST MASS — 042040 G yDEACTIVATION RATIO=0.932 
EATEGTIVE MASS = 041902 GC 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 72.50 1/1000 0.6153E-02 0.4867E-02 0.791 


AVERAGE MOL. WT 
TAL FEED RATE 


45.95 G/MOLE 
Os L059E=05 MOLESTMIN 


iow 


PRODUCT ANALYSIS MOLE 4% 


SAMPLE COMPO NENTS 
# H20 ETOH ET20 
21 794 85.9% 6.94 
22 7246 85444 7.09 
23 7.32 85. 84 6.82 
24 7.42 85.58 6.99 
25 $s30 8 8©=— 8B a 6.88 
26 7.46 85.40 713 
7.36 85.465 6.97 
FEED 0.15 99.84 0.00 
REAC TION ETHANOL RATE*X1LO%*5 
CONVERSION MOLES/ 
3 (MING CAT.) 
DEHYDRATION 13.97 7.768 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
~0.23 % 3.3% 
HYDROGEN OXY GEN CARBON 


=0.15 2% -0.00 % -0.23 % 
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PABLE 1.33 
EXPERIMENTAL RUN RIV= } 
DATE CONDUCTED 12/10/76 
RUN TEMPERATURE- 110.0 NEG.C 
RUN PRESSURE— 693.5 MMHG =0.9R00 ATM = 92.2 KPA 
CAVALYST MASS = @.2040 G esDEACTIVATION RAT ION=0.932 
Crreciiwe MASS — @.1902 G 
SYRINGE FEED RATE RANGE ML/MIN G/MEIN DENSITY 
# G/ML 
1 ETOH 7-50 1/1000 0.6153E-02 0.4867E-O02 0.791 


AVERAGE MOL. WT 
TOTAL FEED RATE 


45.295 G/MOLE 
0.1059F-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE % 


SAMPLE COMPONENTS 
# H20 ETCH ET20 
1 3.56 93455 3.34 
2 3e%2 «© - HL a BG 3.41 
3 3.69 92.98 353 
4 3.73 92.89 Evy | 
5 3.70 98.08 3.21 
6 3.0h 92.99 Sao 
7 3.53 93424 3.21 
8 3.65 93.08 3.25 
3.65 93.03 3.30 
FEED 0.15 99.84 0.00 
REAC TION ETHANOL RATE* 10 *# 
CONVERSION MOLES/ 
% (MIN®G CAT. ) 
DEHYDRATION 6.61 3.677 
BALANCES “ 
EXCESS ETHANOL EXCESS WATER 
-0.20 % 5.85 % 
HY DROGEN NX YGEN CARBON 


3 oe he ee 4 -0.00 % 0.20 4 
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TABLE 1.34 
EXPERIMENTAL RUN ie OSs 
DATE CONDUCTED 12/14/76 
RUN TEMPERATURE=- 110.0 DEG.C 
RUN PRESSURE= 69536 MMHG =0.9127 ATM = 9244 KPA 
BATALYST MASS = 0.42040 G »DEACTIVATION RATIO=0.932 
erreelive MASS = 0.1902 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
it G/ML 
1 ETOH S600 1741000 GSS S0E-O2 US25r5E-02 Utter 


AVERAGE MOL. WT 
Aorre FEcO RATE 


45.95 G/MOLE 
0.54/73E-04 MOLES/MIN 


PRODUCT ANALYSIS MOLE 2 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
1 5.75 88.56 5.67 
2 5.92 B85 22 5.85 
3 63:93 . 88231 5.74 
4 5.89 88.22 5.37 
5 5.93 88.44 5.61 
6 5.94 88.22 5.82 
5.89 88 . 33 5.76 
FEED 0.15 99.84 0.00 
REAC TION ETHANOL RATE*X1LO**5 
CONVERSION MOLES/ 
% (MIN*G CAT.) 
DEHYDRATION 11.54 2.317 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
0201. % =0..30 2 
HYDROGEN OXY GEN CARBON 
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PASE [25 
EXPFRIMENTAL RUN a ame | 
DATE CONDUCTEDA 12/14/76 
Se LENO ERATURE= 135.0 DEG.C 
RUN BresouRe— 696.5 MMHG “=0.9139 AIM = 92.8 KPA 
CriALyak MASS = 0.2040 °C sDEACTIVATION RATION=0.932 
Cage ulve, AASS — O.Fo9O7 G 
SeINGE ~ EEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 XXX ITI 22250 1/1000 OO. 1889E—-01 O46 1439E-015 “OO. 162 


AVERAGE MOL. WT 
Mera EEE OORATE 


52.600  G/MOEE 
0.2% 236703 MOLESTMIN 


PRODUCT ANALYSIS MOLE % 


SAMPLE COMPONENTS 

# H20 ETOs ELZO 
23 4-62 66436 23.01 
24 4248 66.58 aiee 
Zo 4.53 66251 28294 
26 4.66 66464 20669 
ZU 4-51 66.58 28.89 
ao 4-29 66.91 282/72 
aa 4.28 66.96 2301 2 
30 4.28 66.98 Pac Fd 
31 4.33 66659 29.07 
32 4.41] 66.15 28.83 


— oes ome ome ——— <a oe — =o = eee 


4.44 66.69 28.85 


FEED 0.14 ieee 24267 
REAC TION ETHANOL RATE* 10%**4 

CONVERSION MOLES/ 

Pe (MIN*XG CAT. ) 
DEHYDRATION EPO ae. Let or 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
=(}. LD r 4 FAAS OS % 
HYDROGEN OX YGEN CA RBON 


-0.06 vA -0.00 y 4 -0.09 % 


ie WA 


P+ a 
. <0 LO-HP EAT. 0 {0-FeBE ninex od 
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Qa = 


‘y Le a 
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TABLE 1.36 
EXPERIMENTAL RUN AN oe 
DATE CONDUCTED P2/157 76 
Run tEMPERATURE—= 1335730 DEG.C 
RUN BNe SOURE— 693.3 MMC =0L9097 AIM. Goll Ken 
CoLeLL ol. MASS > 052040 G eDEACTIVATION RATIO=0.932 
Bereci ve MASS -— OF 1902 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 XXXII £5.00 T7000 G2 izoZE-0l O24 9544E-U2 "0. 7o2 


AVERAGE MOL. WT 
Weer Fec? RATE 


52286 G/MOLE 
0.18 056-03 MOLES/MIN 


PRODUCT ANALYSTS MOLE % 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
ve wee K 64.05 30.213 
zg 5.88 64624 29.86 
10 5.81 G3e09 30.49 
ial 8 5286 63-94 30.18 
ES 5.288 63.68 30642 
14 5.84 fovea sp: 30.49 
£5 Oe CL 64027 30.10 
16 eels 64.15 30 203 


EEO 0214 Taal 24267 
REAC TION ETHANOL RATE*1LO**4 

CONVERSTON MOLES/ 

% (MIN*G CAT.) 
DEHYDRATION 14.74 yO se | 
BALANCES 
EXGess “e rHaNnoL EXCESS WATER 
=—,17 % BENS ES 
HYDROGEN OXY GEN CARBON 


-0.07 y 4 —-O. 00 % -0.10 % 
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TABLE 1.37 
EXPERIMENTAL RUN Rive = ad 
DATE CONDUCTED 12/17/76 
RUN TEMPERATURE= 110.0 NEG.C 
RUN PRESSURE- 693.5 MMHG =0.9100 ATM = 92.2 KPA 
CATALYST MASS = 0,.2040°6 »DEACTIVATION RAT I0O=0.932 
EFFECTIVE MASS - 0.1902 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 XXX III 15.00 1/1000 0.4252E-01 0,9544E-02 0,762 


AVERAGE MOL. WT = 52.86 G/MOLE 
TOTAL FEED RATE = 0.1805E-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE & 


SAMPLE COMPONENTS 
# H20 ETOH ET 20 
10 1.94 71.246 26259 
14 1.98 11.34 260674 
15 Za Oo) 70.88 26492 
16 2209 71.08 26282 
ic 2208 d1.A9 26.42 


FEED 0.14 (cere we 24.67 


REAC TION ETHANOL RATE*1L0%*5 

CONVERSION MOLES/ 

% (MIN*XG CAT.) 
DEHYDRAT ION 5.250 2,929 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
Ose 1 % —T. 13 % 
HYDROGEN OXY GEN CARBON 


0.09 4 -0.00 2% 0.12 % 
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TABLE 1.38 
EXPERIMENTAL RUN AVES 2 
DATE CONDUCTED EZ/ EPs 16 
RUN TEMPERATURE- 110.0 DEG.C 
RUN PRESSURE- 697.3 MMHG =0.9150 ATM = 92.7 KPA 
CATALYST MASS - 0.2040 G *»DEACTIVATION RATIO=0.932 
Per eOoniVeE MASS. = 0.1902 G 
SYRENGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 XXXITI 6200 YPO00 VOT4SSETIE-02 O.3718E-02 O.762 


AVERAGE MOL. WT = 52.86 G/MOLE 
ROTAL FEED RATE = 0. 7032E-04 MOLES/MIN 


PREDUGT ANALYSTS*MOUE 92 


SAMPLE COMPONENTS 

# H20 ETOR ET20 
23 4.78 66226 eOers 
25 4,76 65-6 81 29.442 
af 4.74 65 #56 Fete diy Oe 
28 4&. 65 66202 Var 
29 4.73 65.69 AD SSH 
3k 4.276 66.07 2 eG 
32 4.69 66.09 29.420 


— oe ee ow oe — oo om ows oe — oe oe os oe 


FEED 0.14 Taal 24267 
REAC TION ETHANOL RAT E*10*%*5 
CONVERSION MOLES/ 
2 (MIN*G CAT.) 
DEHYDRATION 12.639 32442 
BALANCES 
ene. eae ) 
EXCESS ETHANOL EXCESS WATER 
0.09 4 —Pe2l ' 
HYDROGEN OXY GEN CARBON 


0.04 % -0.00 2 02 ae 
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TABLE 1.39 
EXPERIMENTAL RUN AVII=> 2 
DATE CONDUCTED 12/28/76 


RUN TEMPERATURE= 135.0 NEG.C 


RUN PRESSURE= 705.2 MMHG =0.9252 ATM = 93.7 KPA 
CATALYST MASS = 0.2411 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 15.00 171,000 0.1252E-01 Q@.9907E-02 0.491 


AVERAGE MOL. WT 
TOTAL FEED RATE 


45.295 G/MOLE 
0.2155E-03 MOLES/MIN 


nou 


PRODUCT ANALYSIS MOLE 2 


SAMPLE COMPONENTS 

# H20 ETOH ET20 
16 10.28 80.32 9.39 
17 10.01 fo .O0 10.07 
18 10. 64 19.41 9.94 
12 9.80 80.08 1@.42 
20 10.65 19.54 2649 
21 10.09 19.86 10.04 
22 10.40 tS 63 9.93 
238 9.95 80.29 9.74 
24 10.49 HO of 9.70 
25 9.80 80.71 9.48 
26 10.44 80.06 9.48 
el § 9.98 80.41 9.60 
28 10.33 80.23 9.42 


FEED 0.15 99. 84 0.00 
REAC TION ETHANOL RATE* 10%**4 

CONVER STON MOLES/ 

% (MIN*G CAT. ) 
DEHYDRATION 19,52 1. 743 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
HYDROGEN NX YGEN CA RBON 
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TABLE I.40 
EXPERIMENTAL RUN RV ER 2 
DATE CONDUCTED 12/30/76 


RUN TEMPERATURE= 135.0 DEG.C 
RUN PRESSURE~ 708.5 MMHG =0.9297 ATM = 94.2 KPA 
GATALYST MASS = 052411 G 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 25e00 1/1000 Os2tO02ZE=0)b OsY662E=-OF O#791 


AVERAGE MOL. WT = 45495 G/MOLE 
TOTAL FEED RATE = 0.3618F-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE % 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
1 5.80 88.51 5.67 
2 6.20 87696 5.82 
3 Ser 65 88 66 5.258 
4 6622 87.94 Te Oe 
5 6 204 88 .03 Tet 
6 Geawe2 87.75 Sek 
7 5-64 SG: ¢ OZ 5.242 
8 6,05 88.20 5.14 
9 5.14 88.67 5255 
10 66 0 88.422 52656 
El Sue ms 88 41 S610 
i2 Geuze 88.10 5.41 
aeree pe) 88.28 5/2 
PEED 0.15 99, 84 0.00 
REAC TION ETHANOL RATE* 10**% 
CONVERSION MOLES/ 
% (MIN*G CAT. } 
DEHYDRATION 11.45 Gwe 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
HYDROGEN NX YGEN CA RBON 


-0.07 % -0.00 % O.11 % 
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TABLE 1.41 
EXPERIMENTAL RUN XV Isl 8 
DATE CONDUCTED 2/ 3/07 


muh TEMPERATURE 135.0 DEGNE 
RUN PRESSURE~ 703.8 MMHG =0.9235 ATM = 93.5 KPA 
REerALY SMe eMASS = 0.2411 6G 


SYRINGE FEED RATE RANGE ML/MIN G/MEN CPADENS TTY 
# G/ML 
1 STO £5500 171000 O, l252E-01 0.990 %E-02. 10.790 


AVERAGE MOL. WT = 45.95) "G/MGUE 
VOCAL, FEED RATER. = 0.2155 E-OSRMOUES/ MIN 


PRODUCT ANALYSIS MOLE 2% 


SAMPLE COMPONENTS 
# H20 ETOH ET20 
16 9.26 81.86 8.86 
bee 8.95 82.39 8.64 
18 9.30 81.90 8.79 
19 8.79 82.55 8.64 
20 9.40 81.83 8.76 
21 8.99 Bea 8,83 
Be 9.252 81.61 8.85 
Get 82.04 8.77 
FEED O.15 99.84 0.00 
REAC TION ETHANOL RATEXLO** 
CONVERSION MOLES/ 
g (MIN*G CAT.) 
DEHYDRATION Abr. 1.568 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
-0.25 % PAT Ge 
HYDROGEN OXYGEN CARBON 


-0.16 % -0.00 % -0.25 4% 


MN) i 
LON a0) Sie “nl 


Runs 
Tik-1); 111-3 
IV-5, V-2 


XIII-1, XITI-2 


XV-1, XV-2 


XVI-1, XVI-2 


~ XVIT-1 


TABLE 1.42 
REJECTED DEHYDRATION RUNS 


Reasons for Omission 


Low conversion runs; the water 
balance was not good and it was 
Suspected that the data was taken 
under unsteady state conditions. 


Thermal deactivation of the catalyst 
charge due to overheating. 


Low feed rate, low conversion runs 
which were inconsistent with other 
Similar runs. 


Low conversion runs, inconsistent 
with another, more accurate run 
which used a similar feed. 


Low conversion, low feed rate runs, 
inconsistent with other runs at 
the same temperature. 


An incorrect reading of the pumo 
setting or high initial catalyst 
activity. 
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APPENDIX J 


ESTIMATED KINETIC PARAMETERS 
FOR THE DEHYDRATION REACTION 


The purpose of this appendix is to calculate kinetic 
parameters for the dehydration reaction based on the information 
available from the set of runs presented in Table 5.1. In the 
following analysis the pressure (P) is assumed to be 93.5 kPa. The 
information used in the calculations at the three different 
temperatures i5 presented in Table J.1. The dehydration model of 
equation 2.4 is used, neglecting the reverse terms. Yip Yq and Ye 


are the water, ethano? and ether mole fractions. 


TABLE J. 1 
RATE DATA 
x10" Composition 
r 
15d (mole fraction) 
0 moles/ ded Ya. Ve. Ye, 
ore ee neg cater’ ® PeSOMT pUlONen sme emt (eee D 
135.0 1 2.03 ethanol®tead =” “20l8 1.000 0.0 
0.0% conversion 

bo. 2 ei te Run VIi-2 0.1465 0.708 0.1454 
135.0 5 0.685 Run VIII-2 0.3354. 025483) 021062 
120.0 4 0.69 Run V-1 0.0429 0.9156 0.0414 
POCO 5 0282 Run III-4 0.0512 0.9003 0.0484 


a 


lextrapolated Value at zero conversion (see Figure 5.1). 
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Three equations can be written using the data at ouc 
k(K,P¥ qa) 
Sia ee a (J.1) 


eres ub 
[1] + K PY ay ] 


ne, (J.2) 


[1 + (KgPY¥ qo) + (KyPYyo) 1° 


k (KpPY 


I 


2 
n 
> 
2) 
(eX) 


£133 aS a (J.3) 
EVs tKaPY ag? * (Retsil 


Dividing J.1 by J.2 and J.1 by J.3 results in the following two 


equations in two unknowns (Ky and Ky). 


) 0.5 
Ry = (ry 4/17 9) 


2 MVay/Vagl El + (KgP¥a) + (KyPY yo? (9.4) 
[1 + (KsPYqy)1 


Since the square roots of ratios were being compared to 
solve for the kinetic data, the points presented in Table J.1 were 


chosen to have the widest spread of rates to improve the accuracy 


of the solutions. 


<) 
! 


9 = (ry 4/0 ,3! 
_ (Vag /Vqng)C1 + (KgP¥ ag) + (KyPY yg) J 05) 
Gee 
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Equations J.4 and J.5 can be rewritten in the following manner. 


Ky = EE ORV pa/Vag VP a Yyoky (0.6) 
pt) Ya2tRy - 1) 

Ky = ot efaa Man IP yah (J.7) 
ea Vagt®a = 1) 


Entering the appropriate values from Table J.1 results in K, = 0.0246 


a eenlasiofepats. 


A 


kPa and K The value of Ka can now be used in 


i 
equation J.] to solve for Ko. 


seg she ee Suga 
k= alg SAG GN Le ernoles cant nmaecata wens) 
Re retest oe 
coe 


The value of k, is thus 4.18 x io~* moles/(min g cat.). 


For the data at 120°C the following equation can be written. 


ae . (J.9) 


Assuming that Ka and Ky at 120°C are in the same ratio to the values 
calculated from equations 2.6 and 2.7 as the values at 135°C were, 
one can calculate Ka and KY at the lower temperature. Thus Ka and 
Kat 120°C are 0.0383 kPa’! and 0.0618 kPa’, respectively and 


W 


substituting these values into J.9 yields k, (120°C) = 1.15x107* 


mole/(min g cat.). 


An equation similar to J.9 can be written at 140°: 


ari wie) © oe 


idle 
a amit.  .5ut oii 
in sama cl cha 


2 
Sh Nes ___ Ks {Kah as? (J.10) 
: nae OR ere cee 2 
[1 + (KyPYqc) + (KyPYuc)] 


In a manner analagous to the procedure described in the previous 
paragraph one can Aes Ky and Ky che veer Ve Using the values 
of the calculated adsorption constants (Ky = 0.0525 kPa’! 
Ky = 0.0987 kPa!) the value of kK. can be solved from equation J.10. 
The result is K. flipacy = 0.754x107" moles/(min g cat.). 

The results of this appendix are summarized in Table 5.3. 
The rate data at 135°C was known to be more accurate than data at 
other temperatures and the adsorption constants (Ky and Ki) are 
quite close to the values predicted by equations 2.7 and 2.8, These 


results tend to confirm that the kinetic model of Kabel (8) is 


applicable for this reaction system. 
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APPENDIX K 
BLANK RUNS 


A number of runs were carried out without any catalyst in 
the reactor. These runs are summarized in Tables K.1 through K.7,. 
The calculation procedure is discussed in Appendix M. 

For the series of blank runs the reactor temperature was 
varied and the feed rate and composition were also changed. The 
set of Runs B-2, B-2A, B-2B and B-2C were conducted while the 
temperatures of other portions of the flow loop (e.g. oven, feed 
block heater, reactor postheater) were varied. Generally the 
esterification rate was low and did not change appreciably with 
varying conditions. The blank rates were fit to a "homogeneous" 


model of the following form. 


e ei 
ron ~ KonPaPp (K.1) 
The constant Kon was found for all the blank runs. The resulting 
ih 


yalue of Kon is given in the following equation. The total pressure 


was assumed to be 93.5 kPa. 


kop * (1.5#0.5)x107? moles/(min kPa*) (K.2) 


If one takes a hypothetical case of a 50/50 ethanol-acetic 
acid feed and assumes that the catalyst charge is 0.2 g, then the 


‘ -9 
calculated "homogeneous" esterification rate would be 125K10 
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Petey 0251/ 0,2 =) Ex10 > moleey (mineg Cally nee eats 
about two orders of magnitude lower than the esterification rates 
presented in Table 6.1. Therefore the effect of the "homogeneous" 
rate on the experimental catalystic esterification rate was 
neglected. 

After Run B.4 (see Table K.7) the feed of ethanol and acetic 
acid was stopped and the system feed value and circulation loop exit 
valve were closed. Under these batch conditions the progress of 
the esterification reaction was monitored for ten hours. The feed 
was assumed to be the average product composition of Run B-4 and 
the batch conversion as a function of time is shown in Figure K.1. 
Eyen after 10 hours of batch operation the conversion of ethanol 
was only about 30%. This indicates a low “homogeneous” esterification 
rate and gives further justification for neglecting the homogeneous 
reaction rate in the analysis of the heterogeneous catalyzed 


reaction rate. 
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TABLE K.1l 
EXPERIMENTAL RUN B= 
DATE CONDUCTED 11/30/76 


RUN TEMPERATURE- 120.0 DFG.C 


RUN PRESSURE- 709.6 MMHG =0.9311 ATM 
CATALYST MASS - 1.0000 G 
SYRINGE FEED RATE RANGE ML/MIN 
# 
1 & TOR 30.00 1/1000 0.2526E-0) 
2 HOAC 0.20 50 0.3470E-02 


AVERAGE MOL. WT 
TOTAL FEED RATE 


47263 G/MOLE 
0.4956E-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE 2 


SAMPLE COMPONENTS 
# H20 ETOH ET20 EVAC 
26 0.66 86262 0.00 0.35 
Ze 0. 65 86632 0.00 0.31 
29 0.265 87.78 0.00 0.25 
24 Oebh? 86. 4 0.00 O<sZ2s 
36 0.62 85.69 0.00 se Wi 
Dik 0.85 86.20 0.13 0.44 
Sie) 0268 87s bs 0.00 0.38 
40 0.56 86.54 0.00 0.29 
ah Ose 87.59 0.00 O32 
45 0. 68 87.245 0. 00 0.33 
0. 64 86.6 82 0. Ol O6s35 
FEED 0625 87.61 0.00 0.00 
REAC TION ACID ETHANOL 
CONVERSION CONVERSION 
4 4 
DEHYDRATION = 0. 03 
ESTERIFICATION | 216 0.38 
TOTAL 2216 0.41 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
HYDROGEN OXYGEN 
One: z 0.33 % 
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9423 KPA 


G/MIN DENSITY 
G/ML 
0. 79k 


1.044 


0. 19986-0) 
O.26235E-0:2 


RATE*1LO%% 
MOLES/ 
(MIN%*G CAT.) 
0.131 


EXCESS ACID,ESTER 
3.05 4 
CARBON 
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TABLE K.2 
EXPERIMENTAL RUN S= 
DATE CONDUCTED 127 Avis 


BUN TEMPERATURE= 135.50 DEG.E 


RUN PRESSURE- 703.5 MMHG =0.9231 ATM 
CATALYST MASS = 1.0000 G 
SYRINGE FEED RATE RANGE ML/MIN 
# 
1 ETOH SU80@ 171L0G0 UEZ52CE=—01 
2 HOAC 0.40 50 O66941E=02 


AVERAGE MOLs WE 
Paral FEED RATE 


48.94 G/MOLE 
0.5564F-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE 2 


SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAG 
“ 0.258 74.218 0.00 0.30 
5 0.78 14.60 0.00 0 34 
6 0.68 73241 0.00 0.40 
7 0.80 PF SS 0.00 0.34 
9 02.90 76201 0.00 SesZ 
10 0. 69 45 699 0.00 Ges2 
0.74 14262 O. 00 0 234 
FEED 0.30 18 604 0.00 0 .00 
REACTION ACID ETHANOL 
CONVERSION CONVERSION 
% 4 
DEHYDRATION a = 
ESTERIFICATION 1.58 0.43 
TOTAL 1658 0.43 
BALANCES 4 
EXCESS -ETHANOL EXCESS WATER 
HYDROGEN OXYGEN 
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2 


9345 KPA 


G/MIN DENSITY 
G/ML 
ORT ot 


1.044 


O85 199SE=-0Ft 
OS (2Z41r-O2 


24%e29 


21.265 


RATEX1LO%% 
MOLES/ 
(MIN%G CAT.) 


EXCESS, AGED ESTER 
|e ae ae 2 
CARBON 
-0.09 @ 
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TABLE K.3 
EXPERIMENTAL RUN B=-2A 
DATE CONDUCTED 124 L446 


RUN TEMPERATURE- 120.0 NEG.C 


RUN PRESSURE+ 03.5 MMHG =0.9231 ATM 
CATALYST MASS =- 1.0000 G 
SYRINGE FEED RATE RANGE ML/MIN 
# 
1 E TOH 30.00 1/1000 0.2526E-01 
fos HOAC 0.40 50 0.6941E-02 


AVERAGE MOL. WT 
TOTAL FEED RATE 


48.94 G/MOLE 
0.5564E-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE % 


SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC 
11 Goes FG BS 0.00 O.38 
12 0.78 75.69 0.00 Gost 
13 0.75 hoe ks 0.00 O66 
14 0.80 wt le Be retaeteys' On. 2d 
15 On 12 ome 0.00 alee 
16 O56). “hued 0. 00 O26 
17 0.69 16«66 0.00 O29 
18 Chee = dhe Oe 0.00 Oar 
19 0.80 78 .04 0.00 0.45 
20 0.75 75. 82 0.00 0.46 
0:76 7665 0.00 Oeas 
FEED 0.30 78.04 0. 00 0.00 
REACTION ACID ETHANOL 
CONVERSION CONVERSION 
4 g 
DEHYDRATION ~ - 
ESHERLEICATION 11a 0.48 
TOTAL 1 ya 0.48 
BALANCES 7 


EXCESS ETHANOL EXCESS WATER 


—-1.29 % O41 % 
HYDROGEN OXY GEN 
0,18 % 
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= 9345 KPA 


G/MIN DENSITY 
G/ML 
Oe GOL 


1.044 


0.1L 998E—0 1 
0.724 7E-02 


RATE*10%%6 
MOLES/ 
(MIN%G CAT.) 


EXCESS ACIDsESTER 


4.38 % 
CARBON 
-0.06 % 
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TABLE K.4 


EXPERIMENTAL RUN 
DATE CONDUCTED 


hon TEMPERATURE 412090 DEG: € 


2 
Pay 27 oe 


RUN PRESSURE~ 703.5 MMHG =0,.9231 ATM 
CATALYST MASS - 1.0000 G 
SYRINGE FEED RATE RANGE ML/MIN 
# “ 
1 ETOH 30.00 1/1000 0.2526E-01 
2 HOAC 0.40 50 0.6941E-02 
AVERAGE MOL. WT = 48.94 G/MOLE 
TOTAL FEED RATE = 0.5564F-03 MOLES/MIN 
PRODUCT ANALYSIS MOLE 2 
SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC 
21 0.84 75.81 0.00 0.45 
22 O77 75.33 0.00 0242 
23 0.89 76.86 0.00 0.47 
24 0.85 75248 0.00 0.53 
0.84 75.87 0.00 Os47 
FEED 0.30 78 204 0.00 0.00 
REACTION ACID ETHANOL 
CONVERSION CONVERSION 
% %, 
DEHYDRATION - = 
ESTERIFICATION 2.18 0.60 
TOTAL 2218 0.60 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
=F sd? & 8.98 % 
HYDROGEN OXY GEN 
-0.63 % 1.93% 
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G/MIN 


OG Joe OF 
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RATE*1LO*%*6 
MOLES/ 
(MIN*G CAT.) 


EXCESS VAC TO Se STER 
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TABLE K.5 
EXPERIMENTAL RUN ee 
DATE CONDUCTED 12/ 1/76 
BUN) TEMPERATURE= 13:5:.0; DEG. C 
RUN PRESSYURE=- 7703.5 MMHG 50,923) ATM 
CATALYST MASS - 1.0000 G 
SYRINGE hEED RATE RANGE ML/MIN 
# 
1 ETOH 30.00 1/1000 0.2526E-01 
2 HOAC 0.40 50. 0,6941LE6-02 


AVERAGE MOL. WT 
WORAL FEED, RATE 


48.94 G/MOLE 
025564EFE-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE 4% 


CONVERSION 


SAMPLE 
# H20 
27 0.91 
28 0.69 
0-80 
FEED 0.30 
REAC TION 
DEHYDRATION 
ESTERIFICATION 
TOTAL 
BALANCES 
EXCESS ETHANOL 
F259C AZ 
HYDROGEN 


COMPONENTS 


ETOH ET20 ETAC 
75200 0.00 0.51 
056 63. 0.00 0.37 
oleae ame 0 
18.04 0.00 0.00 

ACID ETHANOL 


CONVERSION 


v4 4 


EXCESS WATER 
7205 4 
OXYGEN 
1.82 4 
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G 


93:05 KRA 


G/MIN DENSITY 
G/ML 
0.791 


1.044 


0. ops on 
Oe ee ee 


RATE*X1LO%*6 
MOLES/ 
(MIN*G CAT.) 


EACESS ACID. ESTER 
10.26 4 
CARBON 
-0.05 4 
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TABLE K.6 


EXPERIMENTAL RUN 
DATE CONDUCTED 


RUN TEMPERATURE= 
RUN PRESSURE= 


SYRINGE FEED 
# 
l ETOH 
2 HOAC 


AVERAGE MOL. WT 
TOTAL FEED RATE 


Wo 


135.0 


NFEG.C 


a= 5 
l2/ 1/16 


70325 MMHG =0.9231 ATM 
CATALYST MASS = 1.0000 G 


RATE 


0.40 


PRODUCT ANALYSIS MOLE 2% 


RANGE 


ML/MIN 


9325 K 


G/MIN 


PA 


DENSI FY 
G/ML 


20600 1/1000 OslG7TE=OL Os1326E=01 Oar9t 


50 Os694TE=02 Os f247E=-02 18044 
50.201 G/MOLE 
0.4101F-03 MOLES/MIN 


HOA C 


26234 
26217 
26268 
27.298 
29616 
21640 
32242 
327818 
32.18 
29-91 


29-10 
Zoe t 
RATE* 


MOL 
(MIN*G 


LO#* 
ES/ 
CAT.) 


EXCESS VACPOVESTER 
0.74 4% 


SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAG 
30 OFS2Z 42-439 0.00 0.43 
BF 1.00 122396 0.00 0 45 
32 0.81 #2603 0.00 0.46 
35 0635 10.0 0.00 0.45 
34 0279 69458 0.00 0.44 
35 0«99 71.16 0. 00 0.43 
36 0.82 6625 0.00 0.49 
37 1.01 66.28 0. 00 O'sSL 
38 OST 65.66 0.00 Csr 
39 LeQt 68.52 0.00 0.53 
0.91 69.49 0.00 0 48 
FEED O35 70.27 0.00 0.00 
REAC TION ACEO ETHANOL 
CONVERSION CONVERSION 
4 vA 
DEHYDRATION = = 
ESTERIFICATION Ls63 0.68 
TOTAL AT oe) 0.68 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
HYDROGEN OXY GEN 
Geta? 0.16 % 


CARB 


ON 


-0.07 % 
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TABLE K.7 
EXPERIMENTAL RUN Soe 
DATE CONDUCTED L2/ 2716 
Perit eMPERATURE=. 135.0 DEG .G 
RUN PRESSURE= 704.2 MMHG =0.9240 ATM 
CATALYST MASS = 1.0000 G 
SYRINGE FEED RATE RANGE ML/MIN 
# 
1 ETOH 20.00 1/1000 0. 1677E-01 
2 HOAC 0.80 50> 0.13 686—-01 


AVERAGE MOL. WT 
SOV AL FEED RATE 


52621) G/MOLE 
0.5316F-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE & 


SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC 
5 19 S2e2Z 0.00 0.63 
6 ec 50.05 0.00 0.73 
m at-6 B2.51 0.00 0.63 
8 1.29 eral 0.00 0266 
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APPENDIX L 
CATALYST DEACTIVATION 


No catalyst deactivation was observed during dehydration 
runs but exposure to acetic acid (or ethyl] acetate) caused a 
decrease in catalyst activity. It was necessary to know the 
effect of catalyst deactivation on reaction rates so the rates 
could be adjusted and compared on the basis of fresh catalyst. 

The catalyst batch used for Runs XII-1 through XVI-2 and 
Runs EI-1 through EVI-3 (see Tables E.2 and E.3, charge #3 
batch 2) was deactivated by two different mechanisms. In loading 
this batch into the reactor it is probable that a certain amount 
of deactivation occurred as a result of overheating. (See Section 
4.4). In Figure 5.1 the point for unadjusted Run XII-1 fell about 
10% below the line of ethanol feed points. The rates for the runs 
affected were corrected for this heat deactivation by reducing the 
total charge mass from 0.2760 g to 0.2550 g. 

During the time when esterification runs were being carried 
out, attempted repeat runs of Run XII-] were taken after 24, 57 
and 83 hours of exposure to acetic acid. From the work with the 
dehydration reaction it was known that the catalyst was not 
deactiyated due to exposure to the components inyolyed in 


dehydration. It was possible to consistently reproduce dehydration 


runs after many (>20) hours of operation. 
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The unadjusted points for Runs XII-2A through XII-8 were 
plotted on Figure L.1. On this rate versus conversion plot the 
points fall well beiow the expected ethanol feed line (at 135°C), 
A deactivation ratio is defined such that when the actual amount 
of catalyst is multiplied by the ratio the adjusted rate falls on 
the line. The deactivation ratios as a function of the exposure 


time to acetic acid are tabulated in Table L.1. 


PROUE SIS | 
DEACTIVATION RATIOS 


Deactivation eae Exposure Time 
Run Ratio > 7 (hours ) 
XI{-2A, XII-6 E919 24 
Xil-7 0,845 evs 
XII-8 0.768 83 - 


The rate of reaction adjusted for fresh catalyst is the experimental 
rate divided by the deactivation ratio. 
The deactivation data was fit to two functions. The first 


inyolved a linear decay in catalyst activity. 


Ra = 1] - 0.002803t (La¥) 


The deactivation ratio is R, and t is the number of hours the 
catalyst is exposed to acetic acid. The second fitting equation 


involyes an exponential decay expressed as follows, 


_atlt (L.2) 
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The value of the time constant + is about 320 hours. Both equations 
fit the deactivation data tu approximately the same accuracy, 
therefore the simpler linear equation (1.1) was used. 


The deactivation ratio as a function of time is shown in 


Figure L.2. 
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APPENDIX M 
ESTERIFICATION RUNS _ 


This appendix contains a summary of all the esterification 
runs. These are presented in tabular form (Tables M.1 through M. 32) 
and a sample calculation for one of the runs is given below. 

The calculation is for Run EILI-8, Table M.21, The first 
five lines of the table state the table number, run number, date of 
the experiment, the temperature and the pressure (the pressure 
reading in mmHg is corrected for temperature and latitude by 
Subtracting 1.9 mm). The catalyst mass and effective mass are 
Given next. The relationship between these two masses and the 
deactivation ratio is presented in Appendix L. 

Given the rate settinas for the syringes the feed rates can 
be calculated (see Appendix F) and knowing the composition of each 
feed mixture (given in Appendix H) the overall feed composition and 
feed rate can be calculated. The product analysis for each sample, 
the average analysis and the feed composition are then presented. 

Given the above information it is possible to calculate the 
conversion and rates. The basis is 100 moles of feed and in the 
subsequent equations the symbol A followed by a component refers 
to the moles of that component in the product minus the moles of 


the component in the feed. The conversions are calculated as follows: 
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X = 2(AET 90) 100/ETOH in 


= 2(0.20-0.0)100/49.50 = 0.8% (M.1) 
X = (AETAC)100/ETOH, in 

= (9.81-0.0)100/49.50 = 19.83% (M.2) 
ee (AETAC)100/HOAC in 

= (9.81-0.0)100/49.99 = 19.63% - (M.3) 


Xy is the conversion of ethanol to ether and Xo is the conversion of 
ethanol to ester. Xo is the conversion of acetic acid to ester. 


The ethanol feed rate is calculated as follows. 


F = (Total Feed Rate) (ETOH,in/100) 


ETOH 


2.71x1073(49.50/100) 


1.34x107> (moles /min) (M.4) 


The dehydration and esterification rates are now calculated using 


equation 2.3. 


r= Fern) %/100) 
q cat. Ra 


= (1.34x1077)0.008 
“T0.204)0.840 


= Vausaiils (moles/(min g cat.)) ~ (M.5) 


pe ETON) ere 


~(g cat.) Ry 


= (1.34x1073)0. 1983 
9-204)9.840 
= 15,.50x10°" (moles/(min g cat.)) (M.6) 
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The first form of the "mass" balance (discussed in Appendix 
I) is presented below. The symbol e refers to the estimated number 
of moles for a particular component. The estimated amounts of 


ethanol, water and acetic acid-ester are calculated as follows: 


ETOH,e = 24ET 40 + AETAC + ETOR Sout 


i 


2(0.20-0.0) + (9.81-0.0) + 38.56 
= 48.77 moles (M.7) 


Ho0,e = AET,0 @ AETACeY H0,in 


= 0.2 + 9.81 + 0.49 = 10.50 moles (M.8) 


HOAC-ETAC,e = ETAC,out + HOAC,out 


9.81 + 41.48 = 51.29 moles (M.9) 


The “excess ethanol", "excess water" and "excess acetic acid-ester" 


are calculated according to the equations given below. 


Excess Ethanol = (ETOH,e-ETOH,in)100/ETOH,in 


= (48.77-49.50)100/49 .50 
-1.42% (M.10) 


Excess Water = (H,0,out-H,0,e)100/H,0,e 

= (9.91-10.50)100/10.50 

= -5,68% (M.11) 
Excess Acis-Ester = Fe ON ep to 
(51.29-49.99) 100/49 .99 
+2.61% (M.12) 
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The second form of the mass balance involved comparing the 
number of moles of hydrogen, oxygen and carbon with the number of 
moles of these elements in the product (on the basis of 100 moles 
of feed). The moles of the three elements in the feed for Run 


EIII-8 are calculated in the equation given below. 


H,in = 2(H,0,in) + 6(ETOH,in) + 10(ET.0) + 8(ETAC,in) + 4(HOAC,in) 
= 2(0.49) + 6(49.50) + 10(0) + 8(0) + 4(49.99) 
= 497.94 moles (M.13) 


O,in = 1(H,0,in) + T(ETOH,in) + 1(ET,0) + 2(ETOH,in) + 2(HOAC,in) 
= 1(0.49) + 1(49.50) + 1(0.0) + 2(0.0) + 2(49.99) 
= 149.97 moles (M.14) 


Coane] OHO. inje = cE IOH sin) + 4(ETQ0,in) + 4(ETAC,in) + 2(HOAC, in) 


2 
= 0(0.49) + 2(49.50) + 4(0.0) + 2(49.99) 


= 198.98 moles (M.15) 


In an analogous fashion the moles of each of these elements in the 


product can be calculated. 


H,out = 2(9.91) + 6(38.56) + 10(0.2) + 8(9.81) + 4(41.48) 


= 497.58 moles (M.16) 
Ofout = 1(9.91) + 1(38:56) + 1(0.2) + 2(9.81) + 2(41.48 

= 151.25 moles (M.17) 
‘Gaiam Ce yi Wes 2(38.56) + 4(0.2) + 4(9.81) + 2(41.48) 


200.12 moles (M.18) 
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The hydrogen, oxygen and carbon balances in Table M.21 are calculated 
below. 

Hydrogen Balance = (AH)100/H,in 
(-0.36)100/497.94 = -O0v05%. MAM 19) 


Oxygen Balance = (A0)100/0,in 


(1.28)100/149.97 = 0.85% (M.20) 


Carbon Balance = (AC)100/C,in 


| 


(1.14)100/198.98 = 0.57% (M.21) 


Due to round off errors the numbers given above do not correspond 


exactly to those presented in Table M.21 for Run EIII-8. 
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TABLE M1 
EXPERIMENTAL RUN pe 
DATE CONDUCTED 9/ 2716 
RUN TEMPERATURE- 125.0 DEG.C 
RUN PRESSURE- 698.3 MMHG =0.9163 ATM 


EAPALYST MASS = 0.2485 G 
BPPECrIVE "MASS — 022471 G 


»DEACT IVAT 


1 


= 92.8 KPA 
ION RATIO=0.994 


SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 XXI 30.00 1/1000 0.2526E-O01 0.2218£-01 0.878 
AVERAGE MOL. WT = 50.67 G/MOLE 
TOTAL FEEM RATE = 0.4377E-03 MOLES/MIN 
PRODUCT ANALYSIS MOLE % 
SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC HOAC 
14 25.94 37.242 1.04 25648 10.09 
16 AF ote «= FST 0.99 26.88 9.10 
18 27.02 36.69 0.92 26.36 9.00 
19 26.38 37.53 0.92 26614 9,00 
20 26.74 37438 0.85 25.78 9.24 
21 A638 37 e368 0.89 26416 9425 
22 27-13 36.60 0.83 26.30 9.11 
23 2Pet? 36051 0.89 26.67 8.78 
26513) eee 0. ozo 22 9.19 
FEED 0.43 65.28 0.00 0.00 34.28 
REACTION ACID ETHANOL RATEXLO*ES 
CONVERSION CONVERSION MOLES/ 
z 2 (MING CAT.) 
DEHYDRATION - 2.81 0.325 
ESTERIFICATION 76 649 40.17 4.645 
TOTAL 76 649 42.99 4.971 
BALANCES | 
EXCESS ETHANOL EXCESS WATER EXCESS ACID,ESTER 
-0.45 % 3.04 % 2.22 
HYDROGEN OXYGEN CARBON 
0.20.2 0.84 % 0.84 % 
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TABLE M.2 


EXPERIMENTAL RUN 
DATE CONDUCTEN 


t= 
a7 2/46 


RUN TEMPERATURE= 125.0 NEG.¢ 


RUN PRESSURE- 698.3 MMHG =0.9163 ATM 
EST AL YS? MASS = 0.2485 G »DEACTIVAT 
EFFECTIVE MASS = 0.2464 G 
SYRINGE FEED RATE RANGE ML/MIN 

# 

1 XX I $0.00 1/ 100 0.2516 00 


AVERAGE MOL. WT 
TOTAL FEED RATE 


50.67 G/MOLE 
0.4361F-02 MOLES/MIN 


— 
— 


PRODUCT ANALYSTS MOLE % 


SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC 
26 11.65 52.73 0.29 10.85 
27 11.78 53.22 0.20 11.14 
28 11.42 53.39 0.424) 16.99 
ag 11.54 53.36 0.20 10.95 
30 11.20 53.18 0.20 10.284 
ou! 10.39 53444 O. 2 1h .OF 
11.41 52.22 0.20 10 .96 
FEED 0.43 65.28 0.00 0.00 
REACTION ACID ETHANOL 
CONVERSION CONVERSION 
% % 
DEHYDRATION = 0. 63 
ESTERIFICATION 3.98 16.80 
TIAL 314938 17.243 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
-1.02 y 4 -1.6l1 ys 
HYDROGEN OXYGEN 


207 


2 


92.8 KPA 
ION RATIO=0.991 


G/MIN DENSITY 
G/ML 
0.2210E 00 0.878 
HOA C 
24.55 
23-63 
23.97 
23292 
24.56 
24.82 
Whi FF 
34.28 
RATE*X1LO** 
MOLES/ 
(MIN*G CAT.) 
0.735 
29).4°02 
206148 


EXCESSCAGI@SESTER 
2.50 4 
CARBON 
0.18 @ 
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TABLE M.3 
EXPERIMENTAL RUN i= 3 
DATE CONDUCTED S727 16 
RUN PRESSURE- 698.3 MMHG =0.9163 ATM = 92.8 KPA 
CATALYST MASS = 0.2485 G »DEACTIVATION RATION=0.990 
EFFECTIVE MASS = 0.42460 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 XX I 106.00 IL/1LOO O68600E "00 O27550E"00 O.4878 


AVERAGE MOL. WT = 50.67 G/MOLE 
TOTAL FEEN RATE = 0.1489£-01 MOLES/MIN 


PRODUCT ANALYSIS MOLE 4 


SAMPLE COMPONENTS 
i H26 ETOH ET20 ETAC HOAC 
34 4,71 SF e90 0.00 4.34 31.04 
35 4.95 60.16 0.00 4.18 30.09 
36 4449 59647 0.00 4.03 3499 
37 4,60 60.07 0s60 413 Sle ¥S 
4.69 60.05 0.00 4el17 31.08 
FEED 0.43 65.28 0.00 0.00 34.228 
REACTION ACID ETHANOL RATE*10*% 
CONVERSION CONVERSTON MOLES/ 
Z Z, (MIN*G CAT.) 
DEHYDRATION — = * 
ESTERIFICATION W268 6.39 2.5%. 293 
TOTAL 12s18 6.39 253293 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESS ACID,ESTER 
-1.61 ys i739 y 4 Pe Ge yA 
HYDROGEN OXYGEN CARBON 


-0.42 % 0.72 % -0.08 4 
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TABLE M.4 
EXPERIMENTAL RUN a= aA 
DATE CONDUCTED 2413746 


RUN TEMPERATURE— 
RUN PRESSURE= 
CATALYST MASS 
ErFeECTIVeE MASS 


SYRINGE 
# 
1 XX] 
AVERAGE MOL. WT 
TOTAL FEED RATE 


FEED 


60.00 1/1000 0.5075E-01 0.4456E-01 


125.0 NEG.C 


702.66 MMHG =0.9219 ATM = 93.4 KPA 


- 0.2485 G gDEACTIVATION RATIO=0.985 
RATE RANGE ML/MIN G/MIN DENSITY 
G/ML 


0.878 
50.67 G/MOLE 
0.8/7/93F-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE 4 


SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC HOAC 
9 20.55 43.94 0.84 20,55 14.19 
10 24.07% 48.23 0.81 20.86 14.02 
11 20.90 43,65 0,683 20.86  i18,74 
12 24.22 48,3) ®.72 20.98 (43288 
13 93,48 43,08 0.84 28,44 48.66 
14 2%.80 42.85 0.80 28.30 24225 
15 20.94 43.30 0.39 2089 . Weoké 
28.09 63484 @.81 20.9% 16.88 
FEED athe, 655-28 0.00 0.00 34.28 
REAC TION ACID ETHANOL RATEX1LO**4 
CONVERSION CONVERSION MOLE S/ 
g Z (MIN*G CAT.) 
DEHYDRATION - 2.50 0.587 
ESTERIFICATION 60.98 329098 7.503 
TOT AL 60.98 34. 53 8.090 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESS ACID, ESTER 
0.92 % -4,80 % ae cy 
HYDROGEN NX YGEN CARBON 
0.63 % 053402 1.06 & 
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TABLE M25 

XPERIMENTAL RUN i ae 

DATE CONDUCTED 9/13/76 
RUN TEMPERATURE- 135.0 NEG.C 
RUN PRESSURE- 702.6 MMHG =0.9219 ATM = 93.4 KPA 
CATALYST MASS = 0.2485 G »DEACTIVATION RATIO=0.983 
EPFECTIVE MASS ~ 0.2443 G : 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 

# G/ML 


I XXI 60.00 1/1000 0.5075E-O1 0.4456E-01 0.878 
AVERAGE MOL. WT = 50.6?7 G/MOLE 
BOE AMAGCFHEEDIRATE = 0.8 793E-03 MOMESZMIN 


PRODUCT ANALYSIS MOLE & 


SAMPLE COMPONENTS 
# H20 ETOH ETZO ETAG HOAC 
19 192.61 44.45 1.09 18.38 16.38 
20 19.77 44653 LO? 18.08 L6053 
at 192 hF 44.22 1.16 LS aS 16.28 
Aa 1%6 72 44.43 el 18.20 16.250 
a3 19.40 44.92 Dnt LO«3G 1Ge DL 
24 19.47 44.98 1.14 18.18 16.20 
Gab 19.24 Bae S52 VaZ25 13) 2 16.45 
28 29.68 44.56 iezZO 18.28 164625 
29 19.00 45.09 eZ) 1293 16.74 
30 LO eS7 44.43 Beat LOeS 16.67 
19 553 44,61 PG 18.26 1642 
FEED 0.43 65% 28 0.00 0.00 34.28 
REAC TION ACID EF THANOL RA TE*1LO**4 
CONVERSION CONVERSION MOLE S/ 
4 % (MIN*G CAT.) 
DEHYDRATION = Selle 0.838 
ESTERIFICATION 53525 Wad Pe Mf Grete. 
TOT AL 53725 31. 54 71.409 
BAL ANCES 
EXCESS ETHANOL EXCESS WATER EXCESS ACIDs,ESTER 
~O.11 de Giles 1.15 % 
HYDROGEN AX YGEN CARBON 


0.09 4 0.29 4 0.32 % 
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TABLE M.6 
EXPERIMENTAL RUN El= } 
DATE CONDUCTEN l12/ 6/76 
RUN TEMPERATURE- 135.0 NEG.G 
RUN BRESSURE= 699.3 MMHG =@.9176 AFM = 92.9 KPA 
CATALYSE WASS = 0.2040 G DEACTIVATION RATIG=0.988 
EEEECTIVE MASS = 9.2014 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 15.00 171300 O.1214E.00 0.9604E-01 O,791 
2 HOAC 0.80 50 0.1388E-01 0.61449F-O1 1.044 


AVERAGE MOL. WT 
TOTAL FEED RATE 


47,38 G/MOLE 
0.2332E-02 MOLES/MIN 


non 


PRODUCT ANALYSIS MOLE 4 


SAMPLE COMPONENTS 
#t H20 ETOH ET20 ETAC HOAC 
9 4.260 84.48 0.89 3.84 6617 
10 4.648 85.30 9.78 3 2044 5-04 
1i 4.56 84,51 0.9 3.69 6230 
12 4.62 84.39 0.82 Bs50 65D 
4.57 84.67 0.85 3464 6625 
PEED 0.22 89.44 0. 00 0.90 10.32 
REAC TION ACID ETHANOL RATE*1LO*%% 
CONVERSION CONVERSION MOLES/ 
% % (MIN*G CAT.) 
DEHYDRATION = 1.91 1-980 
ESVERLEICATION 35629 4.07 4-216 
TOTAL 35629 5.9) 6.197 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESS ACID,ESTER 
0.65 % —-3.12 %: -4.17 @ 
HYDROGEN AX Y GEN CARBON 


0.25 2 -0.39 % 0.15 4 
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TABLE Me? 
EXPERIMENTAL RUN Er= 2 
DATE CONDUCTED ray’ 67 66 
SON TEMPERATURE kaye) OECSC 
RUN PRESSURE- 701.29 MMHG =0.9210 ATM = 93.3 KPA 
BArALYST MASS’ ~ 032040 G »DEACTIVATION RATIO=0.979 
EEFEGHIVE MASS: = O46 1998 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
I ETOH 3000) U/TLOOO OeZ526E—0U WaPOSSE=-Gle Gara) 
2 HOAC 6200 50 0.1041E 00 O.1087E 00 1.044 


AVERAGE MOL. WT 
TOT AL FEEN RATE 


Sel C/MGOLE 
0.2257F-02 MOLES/MIN 


PRODUCT ANALYSIS MOLE 4 


SAMPLE COMPONENTS 
# H20 ETOH ETZ0 ETAG HOAC 
21 ¥O £53 ees 9 at O18) TO Sts W 3 LP yt 4 
22 ig Pans Sieg 82 I 0.00 10.68 170.04 
a3 EO e571 Se 0.00 9.98 CHT 
24% COS 16 6216 0.00 T0220 C2 E36 
295 Lo a3 2 Very.) 0.00 10.08 TZ eOT 
26 10266 Fig ok, 0,00 ieee rage gas il 
Te .oT 1246 0.00 10.15 Tine CO 
FEED 0.69 19323 0.00 0.00 80.06 
REAC TION AGTO ETHANOL RATE*10%**4 
CONVERSION CONVERS TION MOLE S/ 
% % (MIN*G CAT.) 
DEHYDRAT TQN = = = 
ESTERIFICATION P25 Ot 52°16 11.466 
LOTAL T2764 52a (6 11-466 
BALANCES 
EXCESS ETHAN OL EXCESS WATER EXCESS ACID sEST ER 
HYDROGEN OX YGEN CARBON 


-0.66 % 0.99 % GAEAR 
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TABLE M.8 
EXPERIMENTAL RUN Ele 
DATE CONDUCTED l2/ 6/76 
RUN TEMPERATURE= 135.0 NEG.C 
RUN PRESSURE- 704.9 MMHG =0.9250 ATM 
CATALYST MASS = 0.2040 G »DEACTIVAT 
EFFECTIVE MASS = 0,19241 6 
SYRINGE FEED RATE RANGE ML/MIN 
# 
sf ETOH 26.00 1/1000 ©,32526-64 
2 HOAC 0.80 50 ©,i888F-01 


AVERAGE MOL. WT 
TOTAL FEED RATE 


53.2) G/MOLE 
0.4585F-03 MOLES/MIN 


hood 


PRODUCT ANALYSTS MOLE % 


SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC 
30 2o22 17.94 0.45 22.02 
31 25.28 128640 0.38 2¢ 200 
32 26.88 19.25 0.35 PE Ae 
33 25.08 9, aa. 0.40 26 «95 
34 2 oe2 18.41 0.38 26.04 
35 25.02 19. 8&4 0.4: 28.505 
36 2a «04 18.67 0.40 25.89 
26 235 18.76 0.40 26258 
FEED O.5A 46.94 0.00 0.00 
REAC TION ACID ETHANOL 
CONVERSION CONVERSION 
% 2 
DEHYDRATION - Pe 
ESTERIFICATION 50.59 56. 63 
tig Nb 50.59 58. 34 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
-1.67 2% =4,10 2 
HYDROGEN OX YGEN 
614 126 2 
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3 


93.7 KPA 
ION RATIO=0.966 


G/MIN DENSITY 
G/ML 


O.1449E-Ol 1.044 


52654 


RATE 10#% 
MOLE S/ 
(MIN%G CAT.) 


EXCESS ACID,ESTER 
3.68 4% 
CA RBON 
1.15 4 
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TABLE M.9 
EXPERIMENTAL RUN EI- 4 
DATE CONDUCTED L2/ 6716 
RUN TEMPERATURE= 135.0 NDFG.C 
RUN PRESSURE= 704.9 MMHG =0.9250 ATM = 93.27 KPA 
CATALYST MASS =—- 0.2040 G »DEACTIVATION RATIO=0.96 3 
EFFECTIVE MASS - 0.1964 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
i = TUR 30800 if 100 Os25LTE OO OLT9S9IE 00 O.1792 
2 HOAC 15.00 50 OF 2Z603E O00 O627L VE OO 14044 
AVERAGE MOLse WT = 52.297 G/MOLE 
TOTAL FEED RATE = 0.88 89E-02 MOLES/MIN 
PRODUCT ANALYSIS MOLE % 
SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC HOAC 
34 5.88 44.31 0.07 5.359 44.13 
39 6. b5 43.30 0.09 eat 44.83 
40 6505 49513 0.10 5246 45223 
41 5.97 42.216 0. 08 5.53 46224 
42 6.04 42.26 0.09 5245 46.13 
43 6292 43438 0,08 547 45.202 
44 6410 40.226 0.08 5234 48.19 
45 Soo 42249 0.08 5 246 46206 
46 5495 42.49 0.09 5432 46.12 
6.00 42.64 0.08 5 248 45.77 
FEED 0.49 48 067 0.00 0.00 5SOesOe 
REAC TION ACID FTHANOL RATE*1O**4 
CONVERSION CONVERSION MOLE S/ 
% % (MIN*G CAT.) 
DEHYDRATION = 0.36 0.811 
ESTERIFICATION 10.78 11.25 24.796 
TOT AL 10.78 ll. 62 25-608 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESS ACID,ESTER 
—0.74 y 4 -1.07 % 0.84 % 
HYDROGEN OX YGEN CARBON 
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TABLE M.10 
EXPERIMENTAL RUN Ell= i 
DATE CONDUCTEN b2/ 6/76 
RUN TEMPERATURE- 120.0 DEG.C 
RUN PRESSURE- 704.9 MMHG =0.9250 ATM = 93.7 KPA 
CATALYST MASS = 0.2040 G »DEACTIVATION RATIO=0.959 
PEFECTIVE MASS = 0.1958 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 30.00 17 100 O.251¢E 00 G.l9otr-ce@ O.791 
Z HOAC 15.00 50 O.2603E-00 Oc2427E-00 1.044 


AVERAGE MOL. WT 
TOTAL FEED RATE 


526.9% G/MOLE 
0.88 89F-02 MOLES/MIN 


ou 


PRODUCT ANALYSTS MOLE 4 


SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC HOAC 
48 9 37 39.22 0.00 8.85 42.54 
49 9.38 40.12 0.00 9.01 41.46 
50 9,51 49449 0.00 8.99 42528 
51 8.89 39.26 0.00 9.18 42.65 
52 9.69 37.74 0.00 9.26 43330 
53 9.43 37.75 0.00 962) 43e89 
54 9.68 38 .32 0.00 S27 428.76 
9.42 33.80 0.00 9.16 42.60 
FEED 0.49 48.62 0.00 0.00 50.82 
REAC TION ACID ETHANOL RATE*10**4 
CONVERSION CONVERSION MOLE S/ 
zg 4 (MIN*G CAT.) 
DEHYDRATION - - - 
ESTERIFICATION 18.03 18. 82 41602 
TOT AL 18.03 18. 82 412602 
BALANCES 
EXCESS ETHAN OL EXCESS WATER EXCESS ACID,ESTER 
9,49 % =2.39 % hehe S 
HYDROGEN OX YGEN CA RBON 


-0.18 % 0.62 % 0.23 % 
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TABLE M.11l 
EXPERIMENTAL RUN ERPS 2 
DATE CONDUCTEN P27 #1 6 
RUN TEMPERATURE= 12060 DEG.G 
RUN PRESSURE TOPS? MMHG =Oe9207 AIM = 9oeF KPA 
GAPAEYST MASS = OF2040' G *DEACTIVATION RATIO=0.951 
EFFEGTIVE MASS = OF1941 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
i ETOH 15.00 1/ 100 0.1214E 00 0.9604E-01 0.791 
2 HOAC 0.890 50 0.1388F-01 0.1449EF-OL 1.044 


AVERAGE MOL. WT 
TOPAL FEED RATE 


47.38 G/MOLE 
0.2332FE-02 MOLES/MIN 


PRODUCT ANALYSIS MOLE 2 


SAMPLE COMPONENTS 
# H20 ETOH E20 ETAC HOAC 
7 5.44 83.84 0.38 es 4.94 
8 ene is, 82. 85 0.40 eos S50 
9 582 82.63 0.42 Te 6 Tess 
10 ere ss) 82. 85 0.36 Bayless be it 
FE Seed 83.00 Os59 5246 Se 52 
Lis 6.08 S2et O239 og ye uh SeO> 
lyde, et 3 He LO Seog op kt, 5.26 
read S2eoe 0.39 546 Seo 
PEED One 89.44 0.00 0.00 Messe 
REAC TION ACID ETHANOL RA TE* 1O%*%*4 
CONVERSION CONVERSION MOLE S/ 
% % (MIN*G CAT.) 
DEHYDRATION a 0.88 0.949 
ESTERIFICATION 52.88 6. 10 63565 
TOT AL 52.88 6. 98 Coxe 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESS WGIDTESTER 
“729% CE - ep: 
HYDROGEN OX YGEN CARBON 


-0.00 % O-s48) Z 0.26 4 
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TABLE M.12 
EXPERIMENTAL RUN Eli- 8 
DATE CONDUCTED i2/ 7/76 
RUN TEMPERATURE= 120.0 NEG.C 
RUN PRESSURE- 701.0 MMHG =0.9198 ATM = 93.2 KPA 
CATALYST MASS - 0.2040 G sDEACTIVATION RATION=0.945 
EFFECTIVE MASS - 0.1929 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 30.00 1/1000 0.2526E-01 0.1998E-01 0.791 
c HOAC 6.00 50 0.1041E 00 0.1087E 00 1.044 


AVERAGE MOL. WT 
TOTAL FEED RATE 


57.01  G/MOLE 
0.2257E-02 MOLES/MIN 


PRODUCT ANALYSIS MOLE % 


SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC HOAC 
16 13.74 5.51 0.00 12.¢9 67.295 
17 12.46 bez? 0.00 12.89 69.34 
18 13.56 b.5a 0.00 i2.53 68.32 
19 12 269 6228 0.00 12.86 68.216 
20 13,50 5214 0.00 12.704 68.57 
21 12. 64 5, tid 0.00 13.18 68339 
Ze 13.41 Speen te 0.00 L2ewilab 68.52 
23 12.75 5.56 0.00 13 .02 68.65 
24 13.24 owe ee 0.00 12.41 69.20 
eel) bt 5654 0.00 12./9 68.57 
FEED 0.69 19.23 0.00 0.00 80.06 
REAC TION ACID ETHANOL RA TE*10%*% 
CONVERSION CONVERS ION MOLE S/ 
% 4 (MIN*G CAT.) 
DEHYDRATION = 7 = 
EStERIFICATION 15.98 66-6 52 14.971 
TOT AL 15.98 666 52 14.971 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESS): A CIDSEST ER 
al BAe -2.16 % 1.63 % 
HYDROGEN OX YGEN CARBON 


~0.24 2 Wee: 0.38 % 
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TABLE M.13 
EXPERIMENTAL RUN ELT=— 4 
DATE CONDUCTED L227 rifts 
RUN TEMPERATURE= 120.0 NDEG.C 
RUN PRESSURE 698.5 MMHG =0.9165 ATM = 92.59 KPA 
- CARALYST © 2MASS ce = 022040 G »DEACTIVATION RATIO=0.931 
ErFRECTIVEEMASS c= 06b902 G 
SYR ENGE VEFERD RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH E5500 141000 O.R252Es01 0.9807E O02 nE0STII 
2 HOAC 0.80 50 0.1388E-01 0.1449E-O1 1.044 


AVERAGE MOL. WT 
TOUTRL FEE DHRATE 


53.2b0GC/MOVE 
0.45 85F-03 MOLES/MIN 


PRODUCT ANALYSIS MOLE 4% 


SAMPLE COMPONENTS 

# H20 ETOH E120 ETAC HOAC 
26 34055 1S<7e 0.10 30.90 21.69 
24 29 303 15.61 Ore aL 31 +45 eI OM | 
28 31.00 14.44 0.10 29.88 24256 
29 29.429 15.41 Oeil 38.65 23-51 
30 30.87 14./2 0.09 30.34 23.95 
31 2%— 15 15.4 80 G2 14 31.30 22662 


FEED 0.51 46.94 0.00 0.00 52.54 
REAC TION ACID ETHANOL RATEXLOX*4G 

CONVERSION CONVERSION MOLES/ 

% % (MINXG CAT.) 
DEHYDRATION - 0. 46 0.052 
ESTERIFICATION 58 084 65.87 72459 
TOTAL 58.84 6634 7.511 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESS ACID,ESTER 
1.08 % -4.31 2 WHR toe « 
HYDROGEN OXY GEN CARBON 


0.35 % 1.24 % 1.39 % 
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TABLE M.14 


EXPERIMENTAL RUN Suit 
DATE CONDUCTED 2/7 207-16 
RUN ATEMPERATWRE= 6135460 DEG.C 
RUN PRESSURE= 869882 MMHG =0.91261 ATM 
CATALYST MASS - 0.2040 G »DEACTIVAT 
SFREGCTEVEFMASS ~- O41888 G 
SYRINGE FEED RATE RANGE ML/MIN 
# 
1 ETOH 15.00 B2.,TO0GOST2E4E 00 
2 HOAC 15.00 617-00 40%. T2¥4E N00 


AVERAGE MOL. WT 
wOtAL EEE DORATE 


52606 G/MOUE 
0.4215F-02 MOLES/MIN 


— 
~ 


PROBUCT' ANALYSTS MOLETZ 


SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC 
20 8.92 39.21 O.1% 8.35 
22 S.%2 38.89 0.38 8.02 
23 8.26 48.40 0.18 8 .%2 
24 9.01 39.99 0.16 8 33 
a 8.91 41.64 0.20 8.80 
26 9.43 49393 a RS, 9.17 
8.86 40.36 0.18 seme! 
FEED 0.49 49.50 6.00 0.00 
REAC TION ACID ETHANOL 
CONVERSION CONVERSION 
% % 
DEHYDRATION - 0. 75 
ESTERIFICATION 17.14 bid 
TOTAL 17.14 18.06 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
-0.40 % -4.02 % 
HYDROGEN OXY GEN 
0.0 tus 0.38 % 


: 


9268. KPA 
ION RATIO=0.925 


G/MIN DENSITY 
G/ML 
O.1267E 00 1.044 
HOAC 
43.33 
44.18 
41647 
43.39 
40.42 
39.26 
42.01 
49.99 
RATE*10%* 
MOLES/ 
(MIN*G CAT.) 
0.830 
19.129 
19:.959 


EXCESS SAGED ESTER 
1.16 4 
CARBON 
0.38 4 
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TABLE M.15 
EXPERIMENTAL RUN ELli= 2 
DATE CONDUCTED 12/20/76 
RUN TEMPERATURE= 135.0 NEG.C 
RUN PRESSURE= 697.7 MMHG =0.9155 ATM = 92.7 KPA 
CATALYST MASS = 0.2040 G »DEACTIVATION RATIO=0.908 
Erre ChIVE MASS = ©. 1852) G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
u ETOH 50.00 1/1000 O.42256-O08 O633542E-O00 O.79% 
2 HOAC 50.00 1/1000 0.4225E-01 O.4411E-O1 1.044 


AVERAGE MOL. WT 
1t# AL. FEED RATE 


52286 G/MOLE 
0.1466F-02 MOLES/MIN 


PRODUCT ANALYSIS MOLE @ 


SAMPLE COMPONENTS 
# H20 ETOH ETZ9 ETAG HOAC 
34 16.94 32296 0.31 16 46 33031 
35 iSes! 33.241 0.34 16.10 34.81 
3t 16295 33333 0435 16870 ioe hehe 
39 ESe7D 33245 0.38 16698 33.226 
41 iste?s 33243 0. 09 17 46 S3e2 
16.00 33651 0829 16.74 35%65 
PEED 0.249 49.50 0.00 0.00 4999 
REAC TION AETD ETHANOL RATE*10** 
CONVERSION CONVERSION MOEES/ 
% % (MIN*G CAT.) 
ESTERIFICATION 33.249 3393.2 13 26% 
TOTAL 33249 35603 13et36 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESS ACID.ESTER 
Fag pho fees y 4 -8,/71 yA PST (he 4 
HYDROGEN OXYGEN CARBON 


1.08 % 0.25 4 1.54 4 


220 


Siar ae 
A 
. | nh 
p.m AISAT . mes 


Stee aya se: 1 

SV \OSAES 37 0amNOD a FAS le 2 
ee ie 2 SSR Pt + i spar a oN 

AWM VeS@ = MTA ¥e10,0= aMMe Thee =saneetAd 
O°. G2 OT TAN Mii TOAAN, > 0008.0 + 22am 172 
Bll och ~ 22am. vit: 
ne r - 


1 : J 1 s . 
YT CEVA WEAK Hie SOAR STAR 33% an 


[Ol eG' LOPS SSG. Oo f£O-ReSse.0. OoOLME 00 » a pOTR) 1 
MG. d EG mi,0 L0=34552.0 ONOR\E O8,08 DJAOH 

| 4/0419 abs a ‘(= ae .goM senna 

a ere a tS) 2 BTAR. 334 an 

a s y = b AY 

— eid wo ri m8 ‘he 

z 30M ereviana ‘uses 

Bt seav wo) ¥. 

SKI DAT s$T3 “HnTa »§ | GSA 


“s 
a 
«< 


> 


= 


SE. 4059% 
ps 


ee ~~ 


a 
fS 
= 
is) 
S 
> 
‘ +2 ry — S 
rm 
= 
~" 
m© 


ret > . 2 of ia fe.en i, 
2 | REGED BOT 
as, S$? .2 Ee &) CO, £2 i?.el 


ee 3 eq 
z ite ‘ nis a . . "@ ae ; f . cat, 
4 BeEE “tel ; ba & Vv P Ea,ke- ar ,2eL te a, - 


~ er ~ ‘ ee Oe EE ee my Ones a | ea ' ‘ (' Rw me ay 
Eache eT ed! e640 | ie. ee ‘bOsar avi 
Un . 7 " - iA : es ae J a , 


PFA.Ce 00,5 Oyo ‘08s ee 80 » 


x } a ha! van: f 2 ae Ai 


eNO LRITAA JOWAHTS” | OAS RUA) 
Vaso" wore navuod —WOTZAaRYOD 
fe FAD Ot may yee eee rk - a 
| ‘eyayo a * See iepabal ds 
EOS « 7 Sire 25 a ‘ ws 


— 


| ataw 2239x9 — 
a a. , * A¥,f= ai 


; Y len : FA we 7 
if be os bea = NY - A. * 1X * a Fa 7 
if oe = : 


® 85,0 


TABLE M.16 
EXPERIMENTAL RUN eiii= 
DATE CONDUCTED 12/20/76 


RUN TEMPERATURE= 135.0 NEG.C 
RUN PRESSURE- 698.3 MMHG =0.9163 ATM 
CATALYST MASS = 042040 G gDEACTIVAT 
ETrFe UTIVE MASS = 04183 G6 
SYRINGE FEED RATE RANGE ML/MIN 
# 
1 ETOH 50200 17° 100 OG 2S51¢E-00 
2 HOAC 30.00 1711200 O.251IdE 00 


AVERAGE MOL. WT 
TUT AL FEED RATE 


52.286 G/MOLE 
0.8 739E-02 MOLES/MIN 


PRODUCT ANALYSIS MOLE @ 


SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC 
47 4281 42-260 0. 00 3296 
48 4.37 44.83 0.00 3.89 
54 4» 54 41.71 3. 60 3291 
SZ 4.94 44.67 0.00 431 
58 4256 43.78 0.00 4.07 
55 4.70 S405 0.00 4.07 
56 4.66 42.263 0.00 3296 
4.67 43.41 0.00 4.02 
FEED 0.49 49.50 0. 00 0.00 
REAC TION ACID ETHANOL 
CONVERSION CONVERSION 
4 % 
DEHYDRATION ee “as 
ESTERIFICATION 8.05 8.13 
TOTAL 8.05 8.13 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
4.16 4 3434 % 
HYDROGEN OXYGEN 
-~0.88 4 1.27 @ 
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92608 KPA 
ION RATIO=0.901 


G/MIN DENSITY 
G/ML 
Os791 


1.044 


0.1 99JE" 00 
0.2628E OO 


RATE*1LO*%*4 
MOLES/ 
(MIN*G CAT.) 
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EXCESS ACID,ESTER 
3.82 4% 
CARBON 
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EXPE 
DAT 
RUN TEMPERATURE- 
RUN BRES SURE — 
CATALYST MASS - 
EEEECTIVE MASS - 
SYRINGE FEED 
# 
1 ETOH 
2 HOAC 


AVERAGE MOL. WT 
TObRAL EEED RATE 


HH 


PRODUCT ANALYSIS 
SAMPL E C OMFO 
# H20 
4 216 h3 
5 20.91 
& Lae &6 
ve 21.00 
8 2me 06 
9 21.94 
12 21.87 
21. 68 
REED 0.49 
REAC TION 
CO 
DEHYDRATION 
ESTERIFICATION 
TOTAL 
BALANCES 
EXCESS ETHANOL 
0.18 4 
HYDROGEN 


0-60 % 
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TABLE M.17 
RIMENTAL RUN Ebi. 4 
E CONDUCTED 12/21/76 


135.0 BEGG 
702.5 MMHG =0.9218 ATM 


9344 KPA 


0.2040 G »DEACTIVATION RATIO=0.879 
0.1794 G 
RATE RANGE ML/MIN G/MIN DENSITY 
G/ML 
25.00 1/1000 0.2102E-01 0.1662E-01 0.791 
25.00 1/1000 0.2102E-0O1 0.2194E-01 1.044 
524286 G/ MOLE 
0,/7296E-03 MOLES/MIN 
MOLE 4 
NENTS 
ETOH ET20 ETAG HOAC 
2 lee 30 0.44 PAN 269 Zoe i 
27.45 0.4/7 Zeek 28 09h 
2 he tek 0646 26089 29.66 
Ze ae 0.47 Litjelie? 30.40 
2 56 Gil, 0.43 21.85 220 Ih, 
Ae OP 6 72 0.50 Lado ts 26.18 
26.47 0644 2 bye 39 29.08: ) 
26.6 53 0.46 220 BS 29.17 
49.50 0.00 0.00 49.99 
ACID ETHANOL RATE*1L0*%4 
NVERSTON CONVERSION MOLES/ 

% * (MIN*G CAT.) 
44.26 44.70 9.002 
44.26 46.58 9.378 

EXCESS WATER EXGESS AGID,ES TER 

-5.98 yA Be 62 % 
OXYGEN CARBON 
0.8% % 1.40 4 
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TABLE M.18 
EXPERIMENTAL RUN Peri 5 
DATE CONDUCTED P272t/ ic 
SUN TEMPERATORE— 3520 ODEG.C 
RUN PRESSUKE- 72256 MMHG =039219 ATM = 93234 KPA 
Paleo ysl. MASS = OF2040 G »DEACTIVATIGON RATIO=0.873 
SEFCUrive MASS = OfbTS2c GC 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH £5.00 17-100 OS362UR O00 O.20722E D0 Oo1oT 
2 HOAC 45.00 17° 100 0.3821 00 O.3989—E GO 1.044 


AVERAGE MOL. WT 
PORE PEED RATE 


S2eao G/MOULE 
Jeol 3sz2GE-OL MULES/MIN 


PRODUCT ANALYSIS MOLE 4% 


SAMPLE COMPO NENTS 
if H20 ETOH ET20 ETAC HOAC 
15 sace | Gate 0.00 2.86 49.85 
16 ht Gree 0.00 gay) Been 
17 aeeG Ansar 0.00 78a ee) 
20 S:5G 8 86Aeegs 0.00 nT ageas 
me Sa28 Gaver 0.00 ibd 
25 geet 46255 0.00 Pegg Bees 
26 3597 845872 0.00 Peso 4B ETT 
$239 | «BS E53 0.00 P88T o4snas 
FEED 0.49 49.50 O200 0200 44799 
REACTION ACID ETHANOL RATEXLOXEG 
CONVERSION CONVERSION MOLES/ 
z % (MINXG CAT.) 
DEHYDRATION > = Z 
ESTERIFICATION 5.75 5.80 21.401 
TOTAL 5.75 5.80 21.401 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESS TACT AESTER 
Sey daa: bey ee: 2.14 3 
HYDROGEN OXY GEN CARBON 


244 % Gov 2 -0.02 % 
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TABLE M.19 
EXPFRIMENTAL RUN EFEG= & 
DATE CONDUCTED 12/21/76 
RUN TEMPERATURE= 135.0 DEG.€ 
RUN PRESSURE- 703.4 MMHG =0.9230 ATM = 93.5 KPA 
CATALYST MASS = 0.2040 G »DEACTIVATION RATIO=0.859 
EPEECTIVE MASS = 0.1754 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
i: G/ML 
1 ETOH 45.00 1/1000 0.6349E-O0h1 0.50226-0), 0.%912 
2 HOAC 7.5200 1/1000, 0.6349E-01 0.6629E-O1 1.044 


AVERAGE MOL. WT = 52286 G/MOLE 
TOT AL FEED RATE = 0.2204E-02 MOLES/MIN 


PRODUCT ANALYSIS MOLE 4 


SAMPLE COMPONENTS 
# H20 ETOH E20 ETAC HOAC 
ae 12.23 36.69 0.28 13 .29 36249 
28 13.07 37. #2 0.24 b2.83 36.11 
29 12,34 38-68 O. 23 13/439 35-30 
3:3 12,64 34.95 0.28 13.49 35641 
35 b2e52 38-034 0.28 13 iedh Dowie 
36 13.44 37248 0.27 13,40 35639 
ay 12.82 31 295 0.30 13%.85 35205 
L26%2Z Bile. 78 0.27 13 .43 Bie yes iT | 
FEED 0.49 49.50 0.00 0.00 49.99 
REAC TION ACLD ETHANOL RATE*1LO**4 
CONVERSION CONVERSION MOLES/ 
v4 % (MIN*G CAT.) 
DEHYDRATION = be 3 0. 703 
ESTERIFICATION 26-87 27.14 16.884 
TOTAL 26237 28.27 17.587 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESSAAGIDMESTER 
4.99 % -10...35 % -1.98 4 
HYDROGEN OXY GEN CARBON 


1.58 % 0.66 % eee: 
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TABLE M.20 
EXPERIMENTAL RUN ELLI= # 
DATE CONDUCTED L2/ 21/76 
RUN TEMPERATURE= 13560 NEGSC 
RUN PRESSURE= 703.4 MMHG =0.9230 ATM = 93.5 KPA 
GAPALYST MASS = 042040 G yDEACTIVATION RATIO=0.855 
EFFECTIVE MASS = O«1745 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 60.00 1/ 100 0.5124EF 00 0.4053E 00 0.791 
2 HOAC 60.00 1/ 100 0.5124E O00 0.5349EFE 00 1.044 


AVERAGE MOL. WT 
FOr AL FEED RATE 


52286 G/MOLE 
Osel/V8E=0l MOLES/MIN 


PRODUCT ANALYSIS MOLE 4 


SAMPLE COMPONENTS 
# H20 ETOH ET2Z0 ETAC HOAC 
42 2245 42.93 0.00 b.83 52.16 
46 2248 47.76 0.00 2.08 47.66 
48 2243 Geb o DE 0. 00 Pe 48.4] 
49 2034 43.44 0's 00 1.60 52.60 
(ge: eo) rs eget Fe) OrreO bier ceils 50356 
FEED 0.49 49.50 0.00 0.00 49.99 
REAC TION ACID ETHANOL RA TE* 10% 
CONVERSION CONVERSTON MOLE S/ 
4 % (MIN*G CAT.) 
DEHYDRATION - = 
ESTERIFICATION 315 3.79 19.4826 
TOT AL ae t5 et ae £9<126 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESS ACID ZEST ER 
54 GGUS 2.99 % 4.47 % 
HYDROGEN NX YGEN CARBON 
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TABLE M.21 
EXPERIMENTAL RUN Eddi= 8 
DATE CONDUCTEN 12/21/76 
RUN MEMPERATURE- 235.0 MECC 
RUN PRESSURE- 704.0 MMHG =0.9238 ATM = 93.6 KPA 
CATALYST MASS - 0.2040 G g DEACTIVATION RATIO=0.840 
SGRECTIWE MASS — 0.2715 G 
SWIRENGE (FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 10.00 1/ 200 O.V/798E-01 O.6168E-02 0.791 
as HOAC 10.00 1/ 100 0.7798E-O1 0.8141E€-O1 1.044 


AVERAGE MOL. WT 
OAL thE) RATE 


52.86 G/MOLE 
0.2707E-02 MOLES/MIN 


PRODUCT ANALYSTS MOLE % 


SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC HOAC 
57 9.75 38 256 0.20 10.05 41.40 
58 10.52 38.54 0-22 10 «24 40246 
59 Oa alel 38.01 0.19 9.93 AO 14 
60 10.23 37644 0.20) 9.52 42.59 
61 9.36 40.26 0... 20 9.33 40.83 
9.91 38 256 0.20 9. Bl 41.48 
FEED 0.49 49.50 0.00 0.00 49.99 
REAC TION ACID ETHANOL RA TE*10%* 
CONVERSION CONVERSION MOLE S/ 
4 ys (MIN*G CAT.) 
DEHYDRATION _ 0.83 0.652 
ESTERIFICATION 19.63 19. 83 151.1495 
TOT AL 19.63 20. 66 16148 
BALANCES 
EXCESS ETHAN OL EXCESS WATER EXCESS ACID,ESTER 
ee? 2 -5.68 % Ale Se 4 
HYDROGEN NX YGEN CA RBON 


-0.04 % 028d % 0.60 % 


AON, ake * MPA 8E50 00) ar leoOT = 32 
iittala shi coals ae 
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TASEE M222 

EXPERIMENTAL RUN Ghd Weel 

DATE CONDUCTED Per 25/15 
RUN TEMPERATURE= 1350 DEG sC 
RUN PRESSURE= 69853 MMHG =0°°9163 ATM = 9228 KPA 
CATALYST MASS = GZ040' G eDEACTIVATION RATIO=0.767 
ErFrFECrt ive MASS = OlakS6s G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN. DENSITY 


# 

l ETOH 

a HOAC 
AVERAGE MOLs WT 


ee 


G/ML 


BS OO E/ POO! OSl2T4ee “00 Os960GE-OT OTOF 


Leo. 


f FOO’ Gsv2lee OO OSIZoTe OO PI044 


52.86 G/MOLE 


PaTAG FEED RATE 024215F-02 MOLES/MIN 
Eeopucr ANALYSTS NOPE % 
SAMPLE COMPONENTS 
# H20 ETOH EY2G EAC HOAC 
83 8.06 40.69 0.15 5 gl 42697 
84 Pav 39'S 30 Oar D 8 230 42.455 
85 8.08 40.57 Ore 8.00 43.20 
86 8254 Bie leit Orerlas IgG 43.7] 
87 Se25 40.64 Ore ES 8.25 42./0 
88 Bo 64 40.65 Ort 7296 42256 
89 8.07 40.37 OF eES 8.21 43.17 
90 8641 26 S21 0.16 Pert 45243 
8.40 40.07 On Crsor 43.29 
PEED 0.49 49.50 OZ 00 0 200 49.99 
REAC TION ACID ETHANOL RATE*1L0O%*%*4 
CONVERSION CONVERSION MOLES/ 
% 4 (MIN*G CAT.) 
DEHYDRATION = 9. 62 0.837 
ESTERIFICATION 16.14 16.30 21-740 
TOTAL 16.14 Li yy 85) it dere We ih | 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESS CIO ESTER 
-2.11 4% so ic up das TR ih Adal é 
HYDROGEN OXYGEN CARBON 
-0.29 % 0.90 % Ost 'z 
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TABLE M.23 


EXPERIMENTAL RUN Elv= 2 
DATE CONDUCTED L2/ 22/16 
RUN TEMPERATURE= 135.0 DEG.C 
RUN PRESSURE= 698.3 MMHG =0.9163 ATM = 92.8 KPA 
CATALYST MASS = 0.2040 G 2yOEACTIVATION RATIO=0.836 
EFFECIIVE MASS - 0.1705 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN, DENSTTY 
# G/ML 
1 XXX IV 10,00 1/ 100 0,7798E-01 ©0.62386&-02 0,800 
2 HOAC 10.00 1/ 100 0,7798E-O1 0.81490E-02 1.044 


AVERAGE MOL. WT 
70 AL FEED RATE 


50.96 G/MOLE 
0.28 21E-02 MOLES/MIN 


PRODUCT ANALYSIS MOLE Z 


SAMPL E COMPONENTS 
# H20 ETOH ET20 ETAC HOAC 
24 Weld 34.69 0.18 9-401 40,90 
25 15,07 354,54 0.21 9.68 39.45 
26 LSigeZ 34.51 0.18 9.08 40.89 
27 14. 74 35269 Ox 20 9.43 39492 
28 15<e%2 34.16 0.19 9429 40.63 
29 14.50 35437 0.18 Spe 40.60 
30 153-62 354% 6 0.16 9 28 41.30 
31 14.65 B5 sec 0.18 me ee 40.40 
32 [D8 68 34. 83 0.17 9 si2t/ 40.10 
15416 34. 85 0.18 9 «32 40.47 
FEED 6.24 45.78 0.00 0.00 47.97 
REAC TION ACID ETHANOL RATE*LO**4 
CONVERSION CONVERSION MOLES/ 
y 4 ’ (MIN%*G CAT.) 
DEHYDRATION = 0. 82 0-624 
ESTERIFICATION 19.43 20.36 15.424 
TOTAL 19.43 Fit 162049 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESSOAGHONESTER 
HYDROGEN OXYGEN CARBON 


-0.25 % | Se |b 4 | | 0.63 % 


228 


VF iawn: HAN? CERAM =| - “gra 0389 - 
MNS sy | 
PaBESant 1O-39e5T.0 OOF AE ‘pasa VEKRK 


APR 4G: 
Ew nae: OF « 
MIM\25 40M sey eer Ba 


wa “aTe18.0 a seett ye ong Al 


” 


Y ee oe 
c. a ; } d 
= wt = * . 


SAH DATS USt2 


19.2? Bi 4G 

as.? 1840 

50.9 8,0 

Ee .@ ae 

SE.e se 

HS. @ Te 

3¢.?' Rf, 5° 
TS. ¢ if Pa 


gf.e? BEL 


i 60.0 


sonauts 
MGT LAIVVOD 
Re 


TABLE Mo24 
EXPERIMENTAL RUN EIlV- 
DATE CONDUCTED E2/ 22/16 


RUN TEMPERATURE- 135.0 DEG.C 


2 


RUN PRESSURE~ 697.8 MMHG =0.9156 ATM = 92.7 KPA 
CATALYST MASS - 0.2040 G DEACTIVATION RATIO=0.831 
EFFECTIVE MASS — 0.1696 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN. DENSITY 
# G/ML 
1 XXXIV 30.00 1/ 100 0.2517E 00 0.2014F 00 0.800 
2 HOAC 30.00 1/ 100 O0.2517E 00 0.2628E 00 1.4044 
AVERAGE MOL. WT = 50.96 G/MOLE 
TOTAL FEED RATE = 0.9109F-02 MOLES/MIN 
PRODUCT ANALYSIS MOLE 2% 
SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC HOAC 
41 9.57 39.97 0.00 4.05 46.39 
42 10.06 39.78 0.00 3.91 4623 
43 9.59 40.29 0.00 Aye ie 45.97 
44 10.29 39.44 0.00 4, U2 46-13 
45 9.773 41.40 0.00 4.00 44.82 
46 9.55 4025 0,00 3.97 46.22 
47 9.50 40.76 0.00 4.16 45.56 
9.76 40.27 0.00 4.05 45.90 
FEED 6.24 45.78 0.00 0.00 47.97 
REACTION ACID ETHANOL RATE*X1LO**4 
CONVERSION CONVERSION MOLES/ 
Z z (MIN*G CAT.) 
DEHYDRATION - = — 
ESTERIFICATION B44 8.85 21.756 
TOTAL 844 8.85 21.756 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESS ACID,ESTER 
23, ETHS -5.19 % 4614 0% 
HYDROGEN OXYGEN CARBON 
-0.38 @ NPISLES 0.57 % 


229 


ae? ad of VS Age (ed r 


Sota. 
aYASSASS 


| iin Gage 2 MTA g2leso= OAMM By 
{£R.G207TT PMOLTAVTTIASG, - 
Vii MAD “i#\i6 Saran o- ona 


Og oy 80 ahPHS.0 OO ST f28.0 POF AE meet 
et Po BBSGk.0 HO BFS24,0 HOEAAT 


3 INANE soe 
VIB\2Z3 40" $O-SPG Te 


200 JATI osTa 


PE one eG. 4b Go a2 
£5..8+ i? me 00 wD) 
Se ne or 00.0 
i.ee $258 10,0 
‘2.85 OF. 2040 
fiat Yee Bove 
ea. a> 1. > BA «PB 
Se ett 


OP.e> ed. ODO 


FOuXs 00. o 00.40 


JQUARTS 
WO L2RAV MDD 
= od oe 


24.8 


ona. 


230 


TABLE M.25 
EXPERIMENTAL RUN ENV= 3 
DATE CONDUCTED 127 23/16 
RUN TEMPERATURE- 135.0 DEG.C 
RUN PRESSURE- 696.8 MMHG =0.9143 ATM = 92.6 KPA 
GAY ALYST MASS = 0.2040 G ®DEACTIVATION RATIO=0.822 
PrPreGlive MASS = 0.1676 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN, DENSITY 
# G/ML 
1 XXX IV 50-00 1/1000 0.4225E-01 0.3380E-01 0.800 
2 HOAC 50.00 1/1000 0.4225E-0O1 0.441 1E-01 1.044 


50.96 G/MOLE 
06.1528E-02 MOLES/MIN 


AVERAGE MOL. WT 
POT AL FEED RATE 


PRODUCT ANALYSIS MOLE @ 


SAMPLE COMPONENTS 
i H20 ETOH E120 eIAC HOAC 
3 18-62 30.219 0.18 13.84 36254 
4 19.69 29.80 0.29 13.42 36 084 
5 19.43 BA. BY 0.27 14.64 33.00 
6 20.18 30.252 0.25 14.05 34.98 
3 i9.23 34.220 Ow 29 1S she 34.13 
8 19,92 30.83 0.22 13.%2 35.28 
9 18.75 ai<65 0.24 13.76 35258 
10 na S66 SOs ee One? 13.41 36426 
19.46 30.86 0.24% 14.00 35 642 
BEED 6224 45.178 0.00 0.00 47.97 
REAC TION ONACTD ETHANOL RATE* LO**4 
CONVERSTON CONVERSION MOLE S/ 
% % (MIN*G CAT.) 
DEHYDRATION - 1.05 0.441 
ESTERIFICATION 29.18 20s 50 12.166 
TOT AL 29.18 31. 64 13.208 
BALANCES 
EXCESS ETHAN OL EXCESS WATER EXCESSBA CADRE ST ER 
-0.94 % -4.92 Z 3403 % 
HYDROGEN OX YGEN CARBON 


0.24 4% 0.98 % 1,005 6 
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TABLE M.26 


EXPERIMENTAL RUN 
DATE CONDUCTED 


EVe 
12/23/76 


RUN TEMPERATURE— 120.0 REG.G 


RUN PRESSURE- 696.4 MMHG =0.9138 ATM 
CATALYST MASS = 0.2040 G »DEACTIVAT 
EEEE GIVE MASS = 01.1663 6 
SYRINGE FEED RATE RANGE ML/MIN 
# 
1 XXX IV 50.00 1/1000 0.4225E-01 
2 H OAC 50.00 1/1000 0.4225E-01 


AVERAGE MOL. WT 
TORAL EEED RATE 


50-96 G/MOLE 
0.1528F-02 MOLES/MIN 


PRODUCT ANALYSIS MOLE 3 


SAMPLE COMPONENTS 
# H20 ETOH ET20 E TAC 
20 26.14 2 BS 0.00 19.88 
au 24216 26243 0.00 20.64 
ane 24%» 69 24239 0. 00 eS re a! 
23 24.36 26248 0.00 20.86 
24 24282 24245 0.00 18.61 
a5 23.286 25236 0.60 19.41 
26 Phone t Wa Astras OA 0. 00 apes 
24.87 Z2oeoD 0.00 19.87 
FEED 6024 452/18 0.00 0.90 
REAC TION ACID ETHANOL 
CONVERSION CONVERSION 
% 4 
DEHYDRATION = 
ESTERIFICATION 41.43 43.42 
TOTAL 41.243 43242 
BALANCES 
EXCESS ETHANOL EXCESS WATER 
-1.19 ye -4,71  « 
HYDROGEN OXYGEN 
0.29 4 ie2l2% 


1 


TON 


22.5 KPA 
RATIO=0.815 


G/MIN, DENSITY 
G/ML 
0.800 


1.044 


0.82336E=01 
0.441 1E~0O1 


HOAC 


28.81 
28215 
31-53 
28.223 
34-41 
35-39 
ZG.0-XF 


~~ oe ee 


29289 


47.97 


RATEX1LO**4 
MOLES/ 
(MIN%G CAT.) 


18.267 


EXCESS SACTD sESTER 
3.14 4 
CARBON 
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TABLE M.27 
EXPERIMENTAL RUN EVE 2 
DATE CONDUCTED PAH AST UG 


RUN TEMPERATURE- 
RUN PRESSURE= 69620 MMHG 2009137) ATM 
CATALYST MASS — 0152040 G 
SPPEGCr EVE MAGS = Ob b6siI8 G 


F200? DEGIG 


Fac KRA 


esDEACTIVATION RATIO=0.802 


SYRINGE FEED RATE RANGE ML/MIN G/MIN. DENSITY 
# G/ML 
ti XXX IV LOs00 / BOO Oa. PFISE—-OD) O.6288E-0N 0.800 
é HOAC L0.00' If YOO GQ. 7793E-OGl O@u8NSIE-Gh 2.044 
AVERAGE MOL. WT = 50.96 GHMOILE 
PUPAL FEED RATE = O.2812PE—02 MOLES/MIN 
PRODUCT ANALYSIS MOLE 4 
SAMPLE COMPONENTS 
# H20 ETOH ET20 EEAC HOAC 
36 209 250699 0. 00 14.33 34.58 
ag 19.08 Ve a i 0.00 14.45 362174 
39 19.42 30. 83 0. 00 14.76 34.97 
40 EM lg iit 30-14 0.00 15.08 3347 
41 19. 68 31.62 0.00 15 «BZ 33256 
42 203-78 29445 0.00 14.55 35220 
20.22 30329 0.00 14.71 34.75 
FEED 6224 45.178 0.00 0.00 47.97 
REAC TION ACID ETHANOL RA TE*1LO%%*4 
CONVERSION CONVERS ION MOLE S/ 
z % (MIN*G CAT.) 
DEHYDRATION 7 og - 
ESTERIFICATION 30.68 326 15 25.2354 
TOT AL 30.68 32.15 25.354 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESS ACIDsESTER 
=4.67 % -3.50 2 301d & 
HYDROGEN NX YGEN CA RBON 
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TABLE M.28 


EXPERIMENTAL RUN EV> 3 
DATE CONDUCTED 12723776 
RUN TEMPERATURE=- 120.0 DEG.C 
RUN PRESSURE= 695.6 MMHG =0.9127 ATM = 9264 KPA 
CATALYST MASS = 0.2040 G sDEACTIVATION RATIO=0.800 
ErFFeCIIVe MASS = O41632 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN. DENSITY 
# G/ML 
i XXXIV 305800 1/7 $00 OF2Z517E O09 OFZ0T4E GOO GF800 
2 HOAT 30«00 17 LOO Ge25hlE CO Os2623rE 00 13044 
AVERAGE MOL. WT = 50.96 G/MOLE 
TOTAL FEED RATE = 0.9109E-02 MOLES/MIN 
PRODUCT ANALYSIS MOLE 2% 
SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC HOAC 
45 12.71 38 223 0.00 7047 41.57 
46 13244 36699 0.00 te22 42.33 
47 12666 POOL 0.00 7234 42266 
48 13.54 36240 0.00 7 o4 7 42.57 
50 13670 366179 0.00 Tat 41,92 
SZ 13.60 26054 0 #00 7335 42 645 
13628 FPSOS 0.00 i e641 4225 
FEED 6.24 45.78 0.00 0.00 47.97 
REACTION ACID &THANOL RATE*LO**4 
CONVERSION CONVERSION MOLES/ 
z % (MIN*G CAT.) 
DEHYDRATION ~ - al 
ESTERIFICATION 15.44 16.18 41.352 
TOTAL 15444 16.18 41.352 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESS ACIDGESTER 
Hava? z Boe: 3.52 3% 
HYDROGEN OXYGEN CARBON 
-0.39 2 1.14 % 0.40 % 
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TABLE M.29 
EXPERIMENTAL RUN EvVi-= 2 
DATE CONDUCTED IAP ASR LTS 
RUN TEMPERATURE= 120.0 NEG.C 
RUN PRESSURE- 695.5 MMHG =0.9126 ATM = 92.4 KPA 
CATALYST MASS ~- 0.2040 G »DEACTIVATION RATIO=0.795 
EFFECTIVE MASS -— 0.1623 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# j G/ML 
i ETOH 30.00 171800 O.252R7E+00 O0.19936-00 0.792 
re HOAC 30.00 1/ 100 0.2517E 00 0.2628E 00 1.044 


AVERAGE MOL. WT 
POL AL FEED RATE 


52.86 G/MOLE 
0.8 739F-02 MOLES/MIN 


ie | 


PRODUCT ANALYSIS MOLE % 


SAMPLE COMPONENTS 
# H20 ETOH EE2Z0 ETAC HOAC 
55 8.590 Bo eo 0.00 8.82 43424 
56 8.88 39.68 0.00 8.26 43.15 
58 2, &4 39.441 0.00 8 205 43.58 
59 8234 40.87 0.00 8.40 42.38 
60 asa 39.00 0.00 Seis 44.33 
On 8,35 40.204 0.00 S228 43.31 
62 > 254 39.22 BA 00 vi 286 44.36 
63 Bo 3 89.30 0.00 8.32 44.05 
64 Fe47 41.07 0.00 8.80 40.63 
8.62 391, 83 0.00 8e21 43.226 
FEED 0.49 49.50 0.00 0 00 49.99 
REAC TION ACTS ETHANOL RATE*1LO**4 
CONVERSION CONVERSION MOLES/ 
% % (MIN*G CAT.) 
DEHYDRATION - ~ aa 
ESTERIFICATION 16.54 16.71 | 44.537 
TOTAL 16.54 Lb6io. 7% 44.537 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESS: ACID. ESTER 
~2.81 % -1.63 % ae % 
HYDROGEN OXY GEN CARBON 
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RUN TEMPERA 
RUN PRES 
CATALYST MM 
SEEECTIVE M 


SYRINGE 
# 
} E 
2 H 
AVERAGE MOL 
ToRrAL PEED 


FE 


TABLE M.30 
EXPERIMENTAL RUN EN. b= 
DATE CONODUCTED 127 237 16 


TURE= 
SURE> 
ASS 
ASS 


ED 
TOH 


GAC 
e WT 


RATE = 


i} 


120.0 DEGLIG 


695.6 MMHG =0.9127 ATM 


- 0.2040 G yDEACTIVAT 
= Ol 1606 G 
RATE RANGE ML/MIN 


50.00 1/1000 O024225E-0) 0.3342E-0) 
50.00 1/1000 0.4225E-01 0.441 1E-01 


52006 C/MORE 
0.1466F-02 MOLES/MIN 


PRODUCT ANALYSIS MOLE 2 


SAMPLE 
# 


67 
68 


69 
70 


FEED 


REAC TION 


DEHYDRAT TON 


es) ERIFICAT 


TOT AL 


BALANCES 


COMPONENTS 

H20 ETOH ET20 ETAC 
OBE - 2822 0200 227.65 
22.85  2L 35 O<00  2ha66 
2O630:  2he 80 G00) ~ 2aga1 
224% 26.54 6.00 22.30 
24Gr 2h. SO G08: 22426 
0.49 49.50 0.00 0.00 

ACID ETHANOL 
CONVERSION CONVERSION 

% Z 
TON 44041 44. 86 
44.41 44, 86 


EXCESS ETHANOL 


0.41 4 
HYDROGEN 
0.51 @ 


EXCESS WATER 
-4.65 % 
OX YGEN 
0.58 @ 


2 


= 92.4 KPA 
ION RATIO=0.787 


DENSITY 
G/ML 

eh OT 

1.044 


G/MIN. 


HOAC 


Vago ee 
28.282 
28.88 
28.67 


28266 


49 299 


RATE*10%*4 
MOLE S/ 
(MIN%G CAT.) 


ee ee ore oe 


20%. 219 


EXCESS AG@LDeeol ER 
1.74 % 
CA RBON 
1.08 % 
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TABLE M.31 
EXPERIMENTAL RUN EVI- 3 
DATE CONDUCTEN 12/23/76 
RUN TEMPERATURE- 120.0 NEG.C 
RUN PRESSURE- 698.0 MMHG =0.9159 ATM = 92.8 KPA 
CATALYST MASS - 0.2040 G »sDEACTIVATION RATIO=0.770 
EFFEGTIVE MASS = O«LS72 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
I ETOH 10.00 1/ 100 O.?7798E-01 O.6168E-01 0.791 
2 HOAC 10.00 1/ 100 0O.7798E-0O1 0.814 1E-Ol 1.044 


AVERAGE MOL. WT 
FOFARE FEED RATE 


52.286 G/MOLE 
0.2707E-02 MOLES/MIN 


Wow 


PRODUCT ANALYSIS MOLE 4 


SAMPLE COMPONENTS 
# H 20 ETOH Eze ETAC HOAC 
tl ESe«7l 32693 0 «90 17.30 ER ele 
Te Lrs09 Svaso 0.900 16 654 34.95 
Ce, ES 952 33h 0.00 16.45 34.83 
9 15.88 S269 0. 00 16.87 34.27 
76 16 ¢53 32609 0.00 15294 35242 
VE £5450 31.49 0,00 £6 = ht 36.88 
78 b6391 a re | 0.00 L6ée19 35652 
79 Postel 32294 0.00 VGr. oo 34.280 
80 16. 74 I2eLG 0.00 16.21 34.87 
16.18 32.28 0.00 1646 35.06 
FEED 0.49 49.50 0.00 0.00 49.99 
REAC TION ACID ETHANOL RATE*10**4 
CONVERSION CONVERSION MOLE S/ 
> 4 % (MIN*G CAT.) 
DEHYDRATION - -- A 
ESTERIFICATION 3e% 95 535825 2865333 
TOT AL CVA 33025 28338 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESSYACIDSEST ER 
-1.51 4 -4.50 & 3-05 4 
HYDROGEN OX YGEN CARBON 


0.01 % 1.02 y 4 0.78 % 
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TABLE M.32 
EXPERIMENTAL RUN EVII- 1 
DATE CONDUCTEN OF BIT 
RUN TEMPERATURE- 135.0 MFEG.C 
RUN PRESSURE- 704.0 MMHG =0.9238 ATM = 93.6 KPA 
MAT AUY ST MNS S <= 002417 (6 »DEACTIVATION RATIO=0.994 
EFFECTIVE MASS — 0.2397 G 
SYRINGE FEED RATE RANGE ML/MIN G/MIN DENSITY 
# G/ML 
1 ETOH 15200 17 INO Ost 2L4E 00° 0.9604E-01 (04797 
2 HOAC 15,00 1/7200 .Oel7 Se 00) OS E267E 100 686044 
AVERAGE MOL. WT = 52.86 G/MONLE 
TOTAL FEED RATE = 0.4215E-02 MOLES/MIN 
PRODUCT ANALYSIS MOLE & 
SAMPLE COMPONENTS 
# H20 ETOH ET20 ETAC HOAC 
27 11.46 38.39 0.23 10.90 38.99 
28 re Pay a 36266 Ov21 ies? 40.31 
29 SOT. 39.19 O14 22. ieee SOLO 
30 W2.19 36295 Ge2'l LL.08 39.54 
31 ip alow 37.98 0<21 11.83 38.38 
33 b1538 36 2 Q.22 14.50 38 044 
34 ara! Crane BaD 0.19 ee 39.85 
bie t5 270g Got 145530 38.93 
FEED 0.49 49.50 0.00 0.00 49.99 
REAC TION ACID ETHANOL RATE*1LO**4 
CONVERSION CONVERSION MOLE S/ 
4 % (MIN*G CAT.) 
DEHYDRATION _ 0.88 0.770 
ESTERIFICATION 22260 22ea2 19.869 
TOT AL 22.60 ever al 202640 
BALANCES 
EXCESS ETHANOL EXCESS WATER EXCESS ACID,ESTER 
0.05 >A —-2.08 % 0.46 iz 
HYDROGEN OX YGEN CARBON 
raja Bee 4 6.15.2 0.26 % 
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